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8 Literature Review 
 
1.1 Introduction 
The increase in the world population and urbanisation, have changed the way the world 
produces food. As the demand for cheap and readily available food in the developed world 
increases, high-density, intensive farming practices have replaced subsistence farming to 
allow for the mass production of food. An unavoidable consequence of these farming 
practices is the generation of significant quantities of organic waste.  
 
1.2      Background 
Of the 6.9 million hectares of land in Ireland, 3.9 million are used for agriculture (Teagasc, 
2005), consequently agriculture is the single largest source of waste in Ireland. According 
to the EPA National Waste Database, of a total of 85,256,685 tonnes of waste generated in 
2004, 60,170,025 tonnes (70.6%) were generated in a managed environment from 
agriculture. It is estimated that an additional 55 million tonnes are deposited directly onto 
land by grazing animals. This research project is primarily concerned with poultry litter, 
which represented 0.3% (172,435 tonnes) of the total managed agricultural waste produced 
in 2004, according to the waste database (EPA, 2005). The term poultry litter is utilised in 
the waste catalogue, however, the figure encompasses total manure and litter generated 
from chicken and turkey broilers, breeder chickens and layer chickens. The majority of the 
litter generated was derived from chicken (broiler) production, which represents 73% of 
total poultry production in Ireland (SEI, 2003).  
 
Poultry is a term that refers to domestic granivorous birds (feeds on seeds and grains) used 
for meat and egg production. The poultry litter of concern for this research program was 
derived from chicken (broiler) production for meat consumption, which is an example of a 
high-density farming practice. Broilers consist of pullets and cockerels that have not yet 
reached sexual maturity. They are grown in production houses containing 20,000 or more 
Introduction 
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birds, at densities of approximately 0.064 m2 per bird. Bedding material is spread over the 
solid floors within the poultry houses. The general purpose of the bedding material is to 
absorb moisture and promote drying by increasing the surface area of the house floor. 
Normally a flock grows to market weight in just over six weeks. At the end of their 
growing cycle the broilers are taken out of the sheds and the litter is cleared out in 
preparation for the next batch. Poultry manure consists of urine and digesta voided through 
a common anatomical chamber, the cloaca. Poultry litter is composed of a mixture of 
manure (excreta), bedding material (e.g. wood shavings or straw), waste feed, dead birds 
and feathers. 
 
The poultry industry is expanding each year to meet both the national and international 
markets. Irish poultry meat exports were valued at €254 million in 2004 and currently 
Ireland has the largest per capita consumption of poultry meat within the European Union 
(Bord-Bia, 2005). According to an SEI (Sustainable Energy Ireland) report, Monaghan is 
the most concentrated poultry producing area in the Republic of Ireland, producing over 
64% of the litter, as illustrated in Figure 1.1. This concentration is even more apparent 
when the relative size of each county is taken into account. Limerick also generates a 
significant quantity accounting for approximately 18%. 
64%
18%
9%
7% 2%
Monaghan
Limerick
Waterford
Cork
Others
 
Figure 1.1 Poultry Litter Production in the Republic of Ireland (SEI, 2003). 
 
Approximately 30,000 tonnes of poultry litter are generated in Limerick each year, the 
majority of which is produced in West Limerick, near Newcastle West. Castlemahon and 
Kantoher are the main poultry producing areas within this locality. The primary focus of 
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this project is poultry (chicken broiler) litter from the Kanother region. The closure of 
poultry processing plants in this area, have not dramatically affected the poultry producers 
to date, as alternative markets and processing plants have been sourced throughout the 
country. 
 
The study area for this project is a farm located near Newcastle West, which is 
approximately 40 km South West of Limerick city, Figure 1.2. The farm involved in this 
project, has a single production unit, which houses approximately 25,000 birds per batch, 
from which an estimated 150 tonnes of litter are generated per annum.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2  Map of County Limerick. 
Although poultry litter represents a relatively low portion of the total agricultural waste 
generated in Ireland each year (0.3%), it is due to the regional concentration of intensive 
poultry enterprises that it poses a significant threat to the environment and a suitable 
disposal option is required. 
 
Research Site 
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1.3   Poultry Litter Management Practices 
Current practices in Ireland for the disposal of poultry litter include re-use as a compost 
material in the mushroom industry, stockpiling at the edge of fields and spreading on 
agricultural land.  
 
Mushroom compost is used to produce mushrooms, and depending on the producer, 
contains approximately 20-30% poultry litter. This outlet however is diminishing as the 
Irish mushroom industry is under increasing pressure from Dutch and Polish growers, 
which are generally more efficient or cost effective than growers in Ireland. It is widely 
expected that many smaller mushroom producers will be forced out of business within a 
short timeframe (SEI, 2003).   
 
Stockpiling of litter is carried out when there is no available land or the weather is not 
conducive for land spreading, which can result in seepage of run-off from the stockpiles of 
nutrients (especially nitrogen and phosphorus) and bacteria into the groundwater and the 
release of carbon dioxide (CO2) and ammonia (NH3). Stockpiles can also attract vermin. 
 
Currently, the majority of the poultry litter produced in West Limerick is spread on 
farmland. The beneficial fertilising properties of poultry litter on crop production have long 
been recognised. Poultry litter is a relatively cheap source of crop macronutrients (nitrogen, 
phosphorus, potassium, calcium and magnesium) and micronutrients (copper, iron, 
manganese, boron) as poultry like most other monogastric animals use only approximately 
25% of nutrients contained in feeds, with the remainder excreted as manure and urine. 
Additionally, poultry litter increases the soil organic carbon content, increases soil porosity 
and enhances soil microbial activity (Nyakatawa et al., 2001a). 
 
In general, it is assumed that the land spreading of agricultural organic waste is carried out 
with a consequential benefit of improving soil conditions for crop growth. This type of 
management is considered waste recovery. However, unlike cattle slurry, poultry litter 
application does not represent nutrient recycling as generally there is no direct relationship 
between the number of birds in a poultry production unit and the availability of the spread 
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lands on the farm (EPA, 2004). Approximately, 0.15 hectares of land is needed for 
spreading the waste generated by 100 broilers; therefore 225 hectares would be required 
each year for the disposal of waste generated by 150,000 birds from a production facility 
such as that at the research site (Williams, 1998). This is exacerbated by the fact that this 
form of intensive animal husbandry is made feasible by importing practically the entire 
nutritional requirements in the form of concentrated feed. In an ideal situation, the nutrients 
should be returned to the sources from where they were generated. However, poor road 
infrastructure in West Limerick and bio-security issues, result in poultry litter being spread 
on local farmlands irrespective of the nutrient requirements of the soil and crops. This 
practice constitutes waste disposal, as the organic waste is applied to agricultural land in 
quantities exceeding agronomic requirements. Furthermore, the problem of locating 
acceptable manure spread lands is being aggravated, as organic wastes from the agri-food 
sector and sewage bio-solids are competing for the same spread lands.  
 
1.4        Environmental Impact of Land Spreading Poultry Litter 
The environmental implications of land spreading of poultry litter are well documented 
throughout scientific literature.  
 
Long-term application of litter has resulted in greater soil concentrations of extractable 
potassium, calcium and magnesium. Kingery et al. (1994) found significant accumulation 
of nitrate and extractable phosphorus near the soil bedrock when poultry litter was used for 
fertilising pastureland. Similarly, increased rates of incorporated poultry manure have been 
shown to increase the concentration of water soluble and acid extractable phosphorus 
(Edwards and Daniel, 1992). 
 
Nitrogen and salinity related problems tend to be transient due to volatilisation and 
denitrification of nitrogen and leaching of soluble salts. Nonetheless, the dynamic 
biochemical cycle of nitrogen results in pollution issues as it may be volatilised and leave 
as a gas (NH3, NO, NO2, N2O or N2), or due to its mobility in soil be transported in organic 
or inorganic nitrogen forms in liquid state via surface runoff or leaching into ground water 
(Williams et al., 2005). 
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The main environmental impacts that can arise from excessive land applications of poultry 
litter are ground and surface water pollution as a consequence of leaching and run-off of 
nutrients from undesirable nutrient imbalances. 
 
1.4.1       Water Pollution 
Agriculture contributes significantly to water pollution, as almost half of all river pollution 
in Ireland is due to agriculture (EPA, 2004).  The decline in quality of surface water in 
Ireland is most notable in areas with intensive cattle farming or that have a high density of 
pig and poultry production units (Jennings et al., 2000).  
 
The problems associated with land spreading of poultry litter include: eutrophication, 
nitrate leaching, high biological oxygen demand (BOD), ammonia toxicity, high chlorine 
concentrations, pathogen contamination and nuisances (e.g. flies, odours and colour), fish 
kills, and human and animal health impacts.  
 
Eutrophication is the unnatural enrichment of water bodies from an excess of key growth-
limiting nutrients such as phosphate entering rivers, lakes, estuaries or marine waters. 
Eutrophication of rivers and lakes due to phosphorus losses from agriculture continues to 
be the most critical impact of Irish agriculture on water quality (EPA, 2004). The major 
diffuse phosphorus loss to surface waters in Ireland is from grasslands, which have been 
over fertilised with organic manure or inorganic fertilisers. This is particularly relevant for 
poultry litter as, Reddy et al. (1980) observed that phosphorus absorption capacity of soils 
was reduced with increased poultry litter application rates. Eutrophication can lead to a 
suite of problems including, oxygen depletion, pH variability, shifts in species composition, 
food chain effects, increases in toxic algal blooms (Cyanobacteria) and the collapse of 
populations of sensitive fish species (Jennings et al., 2000). 
 
Poultry litter nitrogen levels also pose a significant risk to the local environment. Nitrogen 
in poultry litter comes from uric acid, ammonia salts and organic (faecal) matter, and it is 
present in organic and inorganic forms that can be readily lost from manure either dissolved 
in water or as a gas (Zublena et al., 1993). The organic nitrogen can be converted into the 
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inorganic form, i.e. ammonium nitrogen (NH4+), which is strongly adsorbed to the soil 
complex and in this form it is immobile. However, in the pH range of most soils (4.5-8.0) 
ammonium is converted to ammonia, which can be lost to the atmosphere as ammonia 
(NH3) gas or converted to nitrate (NO3-), which can be leached from the soil in run-off. An 
estimated 70-80% of nitrogen inputs are not recovered in soil or animal production and are 
lost to water or to the atmosphere (Lee, 1999).  
 
Nitrate (NO3-) is an environmental contaminant of particular significance; levels in excess 
of the US EPA (Environmental Protection Agency) limits for nitrates in drinking water (> 
10 mg/L) have been reported in areas where excessive or improper rates of poultry litter 
have been applied (Bitzer and Sims, 1988, Liebhardt et al., 1979). High nitrate levels have 
been linked to cancer and respiratory illness in humans, blue baby syndrome 
(methemoglobinanemia) in infants, and foetal abortions in livestock (Nyakatawa et al., 
2001b).  
 
Toxic blooms of Pfiesteria piscicida (toxic dinoflagellate) have resulted from high nutrient 
levels in local waters in areas of intensive poultry farming and poor litter management, 
causing fill kills and human illness. Human health problems include; mucous membrane 
and skin irritation, headache, cognitive problems, fatigue, gastrointestinal problems and 
memory loss (Swinker et al., 2002). 
 
The negative effects of excessive poultry litter application and the degree of water pollution 
in the Kantoher area are evident in the local river Deel, which drains the catchment area of 
Newcastle West. The Bunoke river, which is a tributary of the Deel, also has numerous 
areas of moderate pollution. The EPA classified pollution status for the 
Castlemahon/Kantoher area is presented in Figure 1.3. The pollution levels can be partly 
attributed to local land spreading of poultry litter, as the major cause of water pollution in 
the Limerick area is agriculture (Limerick Co Council , 2002). Similarly, Monaghan, which 
is the largest poultry producing area in Ireland, has seriously polluted waterways and the 
extent of eutrophication is very significant (EPA, 2004).  
 
 8 
 
 
 
Figure 1.3 River Quality Status in the Research Area (EPA, 2002). 
 
1.4.2        Heavy Metal Contamination 
Another serious implication from the land spreading of poultry litter is the 
contamination of soils and waterways with heavy metals. Heavy metals such as As, Co, 
Cu, Fe, Mn, Se and Zn are often added to poultry feed to increase the animal’s rate of 
weight gain, improve feed efficiency and to prevent diseases.  
 
Dietary over-formulation of the feed with excess trace elements that are not absorbed 
by the bird, results in the concentration of these elements in the manure (Gupta and 
Karuppiah, 1996). Poultry litter has been found to contain approximately 35 ppm of 
arsenic and lead, and small amounts of cadmium and mercury, which are generally 
considered the more toxic of these elements. Trace elements are generally required in 
very small quantities for crop growth and are usually immobile in most soil types, 
however, their concentrations will increase with repeated land application of poultry 
litter.   
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Excessive zinc, copper and lead concentrations from non-point agricultural sources 
have been reported in Chesapeake Bay, Maryland, which is an area of intensive poultry 
production (Gupta and Karuppiah, 1996). Similarly, copper and zinc accumulation 
were found at toxic levels for plants in fields with a long history of poultry litter 
application (Williams et al., 1999, Zhenbin and Shuman, 1996). The accumulation of 
heavy metals in the soil is reliant on the initial feed formulation and should not be an 
issue in Ireland as heavy metals in animal feeds are stringently regulated under EU 
legislation. [EU Directives: 70/524/EEC concerning additives in feed stuffs, 
2002/32/EC on undesirable substances in animal feed, and Commission Regulation 
1334/2003 amending conditions for the authorisation of a number of additives in 
feeding stuffs belonging to the group of trace elements]. 
 
Poultry litter application has also been implicated in increasing the mobility of heavy 
metals already present in the soil. The mobility of heavy metals in terms of leachability 
depends not only on the total concentration in the soil but also soil properties and 
environmental factors.  
 
 Application of poultry litter to cropland may increase metal mobility as dissolved 
organic matter in poultry litter could contribute effective organic ligands to form 
complexes with heavy metals in soil, resulting in the desorption of heavy metals from 
soils.  The movement of metals in soils has long been known to be associated with 
metal chelation with soluble organic compounds in a process referred to as 
cheluviation. The soluble complexes with heavy metals can be transported downward 
and possibly cause deterioration in ground water quality. Zhenbin et al. (1996) found 
that the dissolved organic matter in poultry litter was effective in solubilising zinc in 
soil. Poultry litter was also found to solubilise exchangeable cadmium by forming 
soluble cadmium-organic complexes. Therefore, the application of poultry litter on 
contaminated soils could redistribute zinc and cadmium to more soluble fractions and 
increase the mobility in soil fractions.  
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1.4.3              Pathogenic Contamination 
Spreading manures onto pastures can play a role in transferring disease to healthy 
stock, the main risk being from fresh and un-stored manure. Poultry litter may contain 
pathogenic organisms responsible for diseases, which are communicable to humans, 
among these are Listeria monocytogenes (responsible for listerosis), Mycobacterium 
avium (occasionally responsible for tuberculosis or tuberculin sensitivity without 
disease), various Salmonella serotypes, Campylobactor sp. and others. It is possible for 
both humans and animals to be affected by pathogenic microorganisms in 
contaminated surface water, either from primary contact or drinking (Chambers et al., 
2001). 
 
 1.4.4               Crop Toxicity  
High rates of poultry litter application have been shown to have adverse impacts on a 
range of crops and grasses. Excessive rates can actually suppress growth. Decreased 
yields associated with high-rate poultry manure and poultry litter applications may be 
attributed to toxic concentrations of ammonia, nitrite, nitrate and soluble salts 
(Chambers et al., 2001).  
 
1.4.5        Air Pollution 
Poultry litter application to land also poses a significant threat to air quality. Currently, 
90% of total national ammonia emissions come from agriculture. Land spreading of 
manure accounts for 28% of total agricultural ammonia emissions (Rice, 2003). Forty 
five percent of ammonia emissions from poultry litter are from land spreading (Hyde et 
al., 2003). These losses are important in the formation of acid atmospheric deposition 
(acid rain) and the acidification of soils and woodlands (Thornton et al., 1998). The 
implementation of the EU Habitats Directive will necessitate a reduction in ammonia 
emissions, particularly near to low nutrient ecosystems (Sommer and Hutchings, 2001).  
 
Nitrogen oxides also represent a significant air pollutant produced from the land 
application of poultry litter. The potential for nitric oxide (NO) and nitrous oxide 
(N2O) loss, following application is significant due to the microbial processes of 
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nitrification and denitrification. Nitric oxide is closely coupled to the production of 
tropospheric ozone and acid rain (Skiba et al., 1998). Similarly, the soil efflux of N2O 
is important, as it is a greenhouse gas and can contribute to global warming and 
destruction of stratospheric ozone. 
   
1.4.6       Conclusion 
The environmental risks from land application of poultry litter are significant, water 
pollution being the dominant concern.  The implementation of various EU (European 
Union) and national legislation, such as, the Nitrates Directive (91/676/EC), the 
Ground Water Directive (80/68/EEC) and the Local Government Water Pollution Act 
1977 (Water Quality Standards for Phosphorus Regulations, 1998), have together 
forced a change in traditional manure disposal practices. Similarly, conditions set out 
in the Rural Environmental Protection Scheme (REPS) specifications on land 
spreading and maintaining local waterways with Nutrient Management Planning have 
been a further incentive for change. 
 
It is evident from the environmental implications of current disposal practices that Irish 
poultry producers must source an alternative disposal/recovery route for poultry litter. 
 
1.5     Scope of Research 
The primary objective of the project was to reduce the requirement for land spreading 
of organic waste (poultry litter) and to reduce the environmental impact of such 
spreading. The overall aim of the project was to develop, demonstrate and test an 
innovative, practical and cost effective treatment system for poultry litter, and to 
minimise and abate the impact of land spreading.  
 
A fluidised bed combustion unit was employed for the thermal treatment of poultry 
litter, with the aim of matching the thermal output from the unit with the heating 
requirement of individual poultry producers in a manner that would  self-scaling nature 
through placement of modular units at the point of source  
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 promoting the use of poultry litter as a renewable energy and thereby displacing the air 
pollution and emissions of greenhouse gases associated with non-renewable energy 
sources, which would otherwise be used to heat the poultry production units.   
 
1.6 Waste Management 
Inadequate waste management measures are the source of the current disposal problem 
facing the Irish poultry production sector. To comprehend the challenges encountered 
today by the agricultural sector and the available treatment options for poultry litter, an 
in depth assessment and review of current waste management practices and policies 
applicable to poultry litter is essential. 
 
Waste management practices have changed significantly in the last century, the 
haphazard disposal methods of the past, which resulted in serious environmental 
damage, are no longer acceptable. A new perspective holds that waste should be 
recovered or disposed of without jeopardising human health and without using 
processes or methods which could harm the environment (Koufodimos and Samaras, 
2002).  
 
Current waste management policies have developed from the concept of ‘sustainable 
development’, which tries to strike a balance between two objectives; the continued 
economic development and achievement of higher standards of living for today’s 
society and for future generations, and the need to protect and enhance the environment 
and resources for the future. ‘Waste’ products with a potential use can also be exploited 
as a resource, such as replacement of virgin material for product manufacture or as an 
energy resource. Hence, resource recovery is now firmly entrenched as a component of 
waste management strategies, stimulating the development of comprehensive treatment 
and disposal approaches and at the same time setting integrated waste management 
methods in the foreground of waste policies.  
 
The European Union’s strategy for waste management is based on the principle of the 
Waste Management Hierarchy. Drawing on the precautionary principle, the waste 
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hierarchy prioritises the prevention and reduction of waste, followed by re-use and 
recycling, waste-to-energy and lastly safe disposal (Kiely, 1996). This strategy ensures 
a waste material such as poultry litter is treated as part of an integrated waste 
management plan.  
 
As poultry litter is technically classified as a waste according to the European Waste 
Catalogue (Waste Code 02 01 06), the various disposal options applicable to poultry 
litter have been categorised in accordance with this waste management policy. 
 
1.6.1              Reduction 
The generation of copious amounts of poultry litter is an unavoidable consequence of 
broiler meat production. Poultry litter reduction can be achieved via reduction of the 
amount of bedding material used, feed manipulation and reduction in water 
consumption. This reduction, however, would be insignificant and could have negative 
implications on productivity.  
 
1.6.2               Re-Use 
The primary option for the re-use and recycling of poultry litter is the exploitation of its 
inherent fertilising properties. The difficulties and limitations of this practice arise from 
the excessive use of the material and can be classified as disposal as opposed to re-
use/recycling.  
 
A common practice for re-using poultry litter as a fertiliser is via pelletisation. The 
process results in a high nitrogen, phosphorus and potassium content pellet, which 
amongst other benefits is organic and easy to use. The Perdue Agricycle plant in 
Delaware produces 50-60,000 tonnes of pellets annually for use as fertiliser 
(Lichtenberg et al., 2002). Pelletisation represents a viable option, however, sufficient 
market and product development are essential.  
 
Poultry litter can also be re-used as a feed additive for ruminants, such as cattle, as they 
have the unique ability to digest forages, fibrous materials and inorganic nitrogen. 
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Poultry litter provides an economical source of protein, minerals and energy for 
ruminant animals. The litter is typically treated prior to use via deep stacking to reduce 
the levels of pathogenic bacteria (Jeremiah and Gibson, 2003). Deep stacking however, 
has limited sanitising ability due to difficultly reaching optimal temperatures, allowing 
for the possible transmission of disease-causing organisms to the recipient animals. 
Furthermore, copper poisoning has been documented in cows fed poultry litter as trace 
minerals, such as copper, iron and magnesium are present in poultry litter in larger 
amounts than conventional feed ingredients (Tokarnia et al., 2000). Poultry litter is 
used as a feed additive for ruminants in the US, however, there are currently proposals 
in place to ban such a practice. The re-use of poultry litter as bedding material for 
poultry and ruminants is also a common practice in the US. The practice of re-using 
poultry litter as feed supplement and bedding material are not viable options in Ireland, 
as the use of animal faeces as feed and as bedding material are prohibited by EU 
legislation.  [2004/217/EC states that the use of ‘Faeces, urine as well as separated 
digestive tract content resulting from the emptying or removal of the digestive tract, 
irrespective of any form of treatment or admixture’ for animal nutrition purposes is 
prohibited. Regulation (EC) No. 1774/2002 on health rules concerning animal by-
products not intended for human consumption, states that poultry litter is a Category 2 
product and thus cannot be re-used as bedding material]. 
 
A novel option employed is the use of poultry litter in soil bioremediation, which is the 
process conversion of chemical compounds by viable organisms, especially 
microorganisms, into energy cell mass and harmless biological waste products 
(Rahman et al., 2002). The chemical, microbiological and physical characteristics of 
poultry litter make it a compatible co-substrate and nutrient source for potential 
applications in the soil bioremediation industry. The use of poultry litter in 
bioremediation can result in an 80% increase in the number of bacteria in the soil, as it 
acts as an essential source of nutrients to the microorganisms (Gupta and Tao, 1996). 
Poultry litter also has a large number of microorganisms that are capable of 
catabolising petroleum hydrocarbons and pesticides (Williams et al., 1999). Poultry 
litter has been used in the degradation of various environmental contaminants such as 
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petroleum hydrocarbons, atrazine, aflatoxin, cyanazine and fluometuron (Gupta and 
Baummer III, 1996, Wagner and Zablotowicz, 1997). 
 
The use of poultry litter in bioremediation is essentially limited in its application as the 
majority of poultry production sites are far removed from petroleum storage points and 
there is a bio-security issue in transportation to the contamination site. It does not 
represent an adequate alternative for the quantities of poultry litter generated, either in 
the Limerick region or in Ireland generally.  
 
1.6.3 Recovery 
Recovery can also play an integral role in manure waste management. Efficient waste 
recovery practices encompass a variety of treatment technologies, such as material 
recycling, composting and energy recovery in order to convert the waste material to a 
more stable product. As re-use and disposal of poultry litter offer limited potential in 
Ireland, composting or energy recovery appear to be the main options applicable to 
agricultural manure recovery.  
 
1.6.3.1      Material Recovery via Biological Treatment 
Biological treatment of organic matter has a long tradition in agriculture as a means of 
improving the fertilising quality of manure. The use of naturally occurring 
microorganisms in manure to change the properties of the waste is the core of 
biological treatment. Aerobic or anaerobic microorganisms are used to decompose 
organic matter into a soil beneficial substrate.  Anaerobic digestion is classified as a 
biological treatment process, however, due to the potential for energy recovery this will 
be dealt with later. 
Composting 
Composting is a human manipulated biological degradation process, which mimics the 
natural biological degradation of organic matter. Generally, it is a relatively fast 
process, taking typically 4-6 weeks to reach a stabilised product, this depends, 
however, on the nature of the waste (Williams, 2005).  
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Composting is an aerobic biological degradation process which improves the handling 
characteristics of the manure by reducing its volume and weight, kills pathogens, 
minimises the production of phytotoxic substances, stabilises nutrients and organic 
matter, and reduces unpleasant odours (Tiquia and Tam, 2002). The degraded product 
is a stabilised product, which can be added to soil to improve its structure, especially 
clay soils. It can also be used as a fertiliser to improve the nutrient content, and as a 
mulch to retain moisture in the soil. The slow release of nutrients from composted 
poultry litter may also lessen the adverse environmental effects from the land 
application of untreated poultry litter (Preusch et al., 2004).  
 
Although composting is in principle a simple biological process, the actual design of 
the process and the operational performance is quite complex because in general the 
waste to be composted varies strongly in time regarding composition and physical 
appearance. The most relevant process parameters in the composting process are 
aeration, temperature, carbon to nitrogen (C/N) ratio and moisture content (Rulkens, 
2003).  
 
Aeration is the most important process variable, as it ensures the growth of adequate 
aerobic microbe populations and the development of stabilising temperatures 
(Barrington et al., 2003). The conventional composting method involves manual 
turning in windrows. Forced aeration is an alternative method where a ventilation unit 
is used to force air into the compost pile. Although turning windrows or forced aeration 
can temporarily replenish oxygen levels, oxygen depletion can occur rapidly, as in 
poultry litter composting complete depletion can occur in as little as two minutes 
(Richards, 2003).  
 
Biodegradation of waste by microorganisms is an exothermic process and temperatures 
in the pile can reach 70oC. Composting can be conducted in mesophilic (30-35oC) 
and/or thermophilic (45-65oC) conditions. Generally, the succession of mesophilic and 
thermophilic microorganisms is important in the effective management of the 
composting process. The heat generated during composting is necessary for the 
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destruction of pathogens. Temperatures of 55-60oC are considered sufficient to reduce 
essentially all pathogenic viruses, bacteria, protozoa (including cysts) and helminth ova 
to acceptably low levels (St. Jean, 1997). 
 
The carbon and nitrogen content of the compost substrate is very important, a C/N ratio 
of about 30:1 (by weight) is considered optimal. Carbon is both an energy source and 
the basic building block for most biomolecules making up about 50% of the mass of 
microbial cells. Similarly, microorganisms, whose biomass is often over 50% protein, 
need adequate supplies of nitrogen for rapid growth. When there is too little nitrogen, 
the microbial population will not grow to its optimum size and biodegradation rates 
slow down. In contrast, too much nitrogen allows rapid microbial growth and 
accelerates decomposition, resulting in anaerobic conditions as oxygen is used up. 
Some of this excess nitrogen will be given off as ammonia, resulting in the generation 
of offensive odours.  Therefore, materials with a high nitrogen content, such as poultry 
litter, require more careful management to ensure adequate oxygen transport, as well as 
thorough blending with a high carbon waste material, such as paper, woody materials 
or leaves (Richards, 2003).  
 
Moisture also has a major influence on the composting process. Moisture content 
greater than 75% inhibits a quick start to the composting process by reducing the 
oxygen supply (Rynk et al., 1991). Low moisture conditions, i.e. less than 40%, can 
also restrict the movement of bacteria and decrease biodegradation. The high carbon 
feedstocks used to alter the C/N ratio are also used when manure solids are too wet, to 
provide structural support to maintain air spaces within the composting pile and to 
reduce the moisture content. 
 
1.6.3.2   Composting Poultry Litter 
Poultry litter is mostly uniform in physical appearance and rich in fibre (lignocellulosic 
materials), ammonia-nitrogen and moisture. These factors can inhibit the composting 
of poultry litter on its own (Georgakakis and Krintas, 2000), however, successful 
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composting of poultry (broiler) litter and poultry (layer) manure has been achieved on a 
research and commercial basis.  
 
Elwell et al. (1998) carried out studies on the composting of poultry litter without 
added amendments. They found that while wet material can hamper initial operation, 
the general progression dried the material and produced a granular output that was 
below 20% moisture that could be bagged and/or sold commercially. The study also 
reported that there was very high ammonia production relative to more conventional 
manure composting.  
 
Tiquia and Tam (2002) studied the composting of poultry litter in forced aeration piles. 
The high initial moisture content (65%), high level of organic matter (84.8%) and 
nitrogen (3.4%) present in the poultry litter, promoted microbial activity to the extent 
of causing depletion of oxygen in isolated pockets within the piles. Therefore, a large 
population of denitrifying bacteria was established in the beginning, resulting in 
nitrogen (N2) and nitrous oxide (N2O) being released from the compost pile. During 
composting total phosphorus, potassium, copper and zinc increased, due to losses of 
organic carbon, hydrogen and oxygen as carbon dioxide (CO2) and water during 
composting, and consequently gave a relative increase in concentrations of these 
elements (Tiquia and Tam, 2002).  
  
Georgakakis and Krintas (2000) evaluated a Japanese Hosoya treatment system for 
composting poultry manure. In the Hosoya system, the manure was continuously 
turned within an oval channel, by a manure turning and chopping mechanical system 
(MTCM). The minimum travelling time for the fresh manure to reach the exit of the 
channel was 4.44 days. This system proved inadequate as an entire composting 
process, as the MTCM resulted in too much agitation and led to excessive loss of heat 
and moisture, reducing the degradative ability of the microorganisms. Similarly, the 
low C/N ratio of the poultry manure resulted in high ammonia losses. They concluded 
that the Hosoya system could be used as a pre-treatment for composting, to attain 
adequate moisture content and particle size, to optimise the composting process.  
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The current applications of poultry manure and litter composting are dominated by co-
composting with other high carbonaceous wastes due to the low C/N ratio of the 
poultry manure and litter, and high levels of ammonia volatilisation.   
 
Guerra-Rodríguez et al. (2000, 2001) examined the composting of poultry litter with 
and without supplementary high-carbon feedstocks. They found that poultry litter alone 
did not reach the thermophilic phase due to the compaction of the solid manure leading 
to anaerobic conditions, which did not permit the growth of aerobic thermophilic 
microorganisms.  However, when co-composted with nitrogen-deficient feedstocks 
such as leaf litter and chestnut burr, or barley waste they found that thermophilic 
conditions were achieved in 14 days and resulted in mature compost after 104 days. 
   
Charest and Beauchamp (2002) used poultry manure and poultry litter as a source of 
nitrogen and as an energy supplement to enhance the biodegradation of de-inking paper 
sludge (DPS) during composting. Compost piles were formed by mixing poultry 
manure and litter with DPS in three different ratios, giving on average 0.6%, 0.7% and 
0.9% total nitrogen. They concluded that the compost with the lower proportion of 
poultry waste was the most adequate for composting DPS, as the higher nitrogen 
content reduced microbial activity by producing excessive free ammonia.  
 
The implementation of a cost effective poultry litter treatment and utilisation system, 
such as the composting process, would reduce the environmental impact of such a 
material and also probably allow for a cash return to the farmers through the sale of a 
usable, recycled end product. The most value added aspect of high quality composts 
generally is its use as a peat substitute in potting mixes and as a replacement for 
synthetic mineral fertilisers (Hoitink, 2003).  
 
There are numerous disadvantages with composting, which include losses of nitrogen 
and other nutrients during composting, equipment cost and labour, and available land 
and odour. In addition, due to the low mineralisation rates, large applications of 
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composted litter may be necessary to provide the nitrogen needed by the crops. 
Reducing the rate of poultry litter compost application to avoid excess phosphorus 
would likely result in significant deficits of nitrogen and possibly other nutrients 
(Preusch et al., 2004). Additionally, the nature of poultry litter may prove inhibitory to 
achieving satisfactory compost. The moisture content of poultry litter being the 
predominant limiting factor, as it can range from 20-60%. For litter with 20% moisture 
additional water may be required to optimise the composting process. This additional 
water would increase the volume of the litter and the space required to treat it 
(Faucette, 2001).  
 
The composting process also results in the formation of other products, which may 
require control and treatment; these include leachate (in the case of high moisture 
feedstock), and gaseous emissions consisting mainly of volatile organic compounds 
(VOCs). The gaseous emissions are often malodorous and potentially toxic. To limit 
the nuisance of odours escaping from the composting facility and for better control of 
the composting process, the system should be enclosed in a covered building, further 
adding to costs (Williams, 1998).  
 
1.6.4      Energy Recovery Technologies 
The key factor in the treatment of poultry litter is to utilise it to its full potential. The 
recognition of poultry litter as a renewable energy resource as opposed to a waste could 
play an integral role in reducing greenhouse gas emissions and ultimately aid in 
curbing global warming.  
 
1.6.4.1    Global Warming and Renewable Energy 
Global warming due to greenhouse gases is a natural phenomenon; without it the 
earth’s average temperature would be about minus 20oC and thus unable to support 
life. However, it is the unprecedented increase of greenhouse gases due to various 
human activities over the last 150 years, which has resulted in the unnatural ‘global 
warming’ and ‘climate change’. The main contributor to global warming over the past 
century has been excessive carbon dioxide (CO2) levels, mainly due to anthropogenic 
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activity, such as unrestricted and unsustainable combustion of fossil fuels (coal, oil and 
natural gas) (Cooper and Alley, 1994).  
 
Prior to the industrial revolution carbon dioxide levels were maintained at 280 ± 10 
ppmv (parts per million by volume) for several thousands of years (Hardy, 2003). The 
current atmospheric concentration of carbon dioxide of over 353 ppmv is the highest in 
this inter-glacial period and it continues to increase exponentially at about 0.5% per 
year. Carbon dioxide accounts for more than 70% of total greenhouse gas emissions 
and for 60% of human-induced greenhouse warming (EREC, 2004). 
 
The challenge now facing mankind is to reduce these emissions in order to sustain life 
on the planet. The United Nations Framework Convention on Climate Change 1997 
Kyoto Protocol is a worldwide approach to reducing greenhouse gases, especially 
carbon dioxide. This legally binding international treaty targets industrialised countries 
to reduce their combined greenhouse gas emissions by 5.2% compared to 1990 levels 
by 2012. Under the Kyoto Protocol the EU is committed to an 8% reduction in 
greenhouse gas emissions. In a subsequent burden sharing agreement between EU 
member states, Ireland was allowed to increase its emissions by 13% above its 1990 
emissions in the target period (2008-2012). However, in 2003 Irish emissions were 
25% above the 1990 levels (SEI, 2004). 
 
A key solution to the reduction of greenhouse gas emissions is a shift in current energy 
practices. Renewable energy has been viewed as one of the leading solutions for fossil 
fuel replacement and consequently the dilemma of climate change.  
 
EU policies on renewable energy include the 1997 European Commission White Paper 
on Renewable Sources of Energy and the Directive on the promotion of electricity 
produced from Renewable Energy Sources (2001/77/EEC). Together these policies 
stipulate EU targets for 2010, as 22% for green electricity, 5.75% for biofuels and 12% 
for the total inland energy consumption of renewable energies (SEI, 2004).  
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The contribution of renewable energy to Ireland’s total primary energy requirement 
was 2.2% in 2004, compared to 1.9% in 2003. This growth in 2004 is attributable to 
increasing wind and solid biomass output. Biomass currently accounts for 61% of this, 
which includes solid biomass, biogas and liquid bio-fuels (O'Leary et al., 2004). 
Biomass represents an indigenous and secure fuel supply, thereby reducing the need for 
fossil imports from politically unstable areas, which could reduce Ireland’s current 
dependency (86%) on imported fuel (SEI, 2004). 
 
1.6.4.2   Biomass 
According to the EU Directive on Sustainable Electricity from Renewable Energy 
Sources (2001/77/EC), biomass is defined as including the biodegradable fraction of 
products, wastes and residues from agriculture (including vegetal and animal 
substances), forestry and related industries, as well as the biodegradable fraction of 
industrial and municipal waste. Poultry litter represents a valuable renewable energy 
resource in the form of biomass, although technically regarded as a waste, it could play 
a role in contributing to Ireland’s renewable energy market. 
 
The primary advantage of biomass is its carbon neutrality as it results in no net increase 
of carbon dioxide to the atmosphere when used as an energy source (SEI, 2005). 
Poultry litter is considered a carbon neutral energy resource as the bedding material is 
plant based and the feed is grain based, therefore removing significant quantities of 
carbon dioxide throughout their life cycles.  
 
Biomass conversion technologies can be utilised and adapted to mitigate organic waste 
disposal problems. This application allows the use of agricultural by-products, such as 
poultry litter as a feedstock, with a reduction in energy costs, reduction/recycling of a 
waste material, increased fuel flexibility and supply of an indigenous resource. The 
utilisation of biomass addresses the four core themes of sustainable development, 
which are, protection of the environment, economic growth, social equity and the 
prudent use of natural resources (McKendry, 2002c). 
 
 23 
1.6.4.3  Bio-Energy Technology 
For bio-energy to become an integral and functional aspect of modern day energy 
demands, highly developed and technically sound conversion processes and 
technologies are essential. The main factors that influence the selection of an 
appropriate process depends primarily on the type and quantity of biomass feedstock, 
however, in many situations it is the form of energy required which determines the 
process route. The conversion of biomass to energy is undertaken using thermal, 
biochemical/biological or mechanical extraction process technologies. Thermal 
conversion processes include, combustion, pyrolysis and gasification. 
Biochemical/biological processes include digestion and fermentation (production of 
ethanol).  
 
Generally, the energy conversion process is selected based on the biomass moisture 
content. High moisture biomass, such as cattle slurry, is suited to anaerobic digestion 
and the herbaceous plant sugarcane, lends itself to the ‘wet/aqueous’ conversion 
process, involving biologically mediated reactions, such as fermentation. ‘Dry’ 
biomass, is more economically suited to gasification, pyrolysis or combustion. Poultry 
litter is generally considered a ‘dry’ biomass resource and is thus typically more suited 
to thermal conversion, as this process requires a low moisture content feedstock 
(typically less than 50%). Aqueous processing is used when the moisture content of the 
material is such that the energy required for drying would be inordinately large 
compared to the energy content of the product formed. Other factors must also be taken 
into consideration, such as the ash, alkali and trace component contents, which impact 
adversely on thermal conversion processes, and the cellulose content, which influences 
biochemical fermentation processes (McKendry, 2002a). 
 
Although poultry litter is generally considered more applicable to thermal conversion 
treatment processes, anaerobic digestion has been employed as a recovery option for 
poultry manure. 
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1.6.4.4    Anaerobic Digestion 
Anaerobic digestion is the controlled biological degradation and stabilisation of 
organic material (biomass) under anaerobic conditions via a series of interrelated 
microbial metabolic reactions. It results in the formation of a stabilised organic residue 
and the conversion of part of the volatile compounds into biogas, which consists 
primarily of methane and carbon dioxide (Rulkens, 2003).  
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The organic residue is known as digestate, which can be spread on land, or it can be 
processed further into a separate liquor and fibrous material. The fibre is a bulky 
material with low level of nutrients and can be used as a soil conditioner or a low level 
fertiliser (EPA, 2005). The liquor may be used for fertigation (application of nutrients 
through irrigation systems) due to the high water and nutrient content. The primary 
advantage of anaerobic digestion is the production of biogas, which can be used as a 
fuel substitute (Williams, 1998).  
 
The biodegradation takes place in a slurry of waste and microorganisms; the rate of 
decomposition depends on the microorganism population, temperature and retention 
time. Anaerobic digestion can be conducted in either mesophilic (30-35oC) or 
thermophilic (45-65oC) conditions (Mata-Alvarez, 2003). The main biochemical 
processes are classified as hydrolysis, fermentation, acetogenesis and methanogenesis 
(Figure 2.1). A manure digester community generally operates as three interdependent 
groups: hydrolytic bacteria, acid-forming bacteria and methanogenic bacteria (Sterling 
Jr et al., 2001).  
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Figure 1.4 Anaerobic Digestion Process. 
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The Anaerobic digestion process occurs as follows: 
 
 1) Hydrolysis involves solubilisation of particulates and high molecular weight 
organic molecules such as proteins, carbohydrates and lipids, which are broken 
down into component subunits such as sugars, amino acids, fatty acids and water.  
2) Fermentation (acidogenesis) involves the further breakdown of these smaller 
molecules into organic acids (also known as volatile fatty acids), carbon dioxide, 
hydrogen sulphide and ammonia and new bacterial cells. The presence of these 
acids generates a very acidic solution.  
3) Acetogenesis involves the conversion of the products from the fermentation stage, 
the organic acids, by acetogen microorganisms into acetates (acetic acid and acetic 
acid derivatives), carbon dioxide and hydrogen.  
4) Methanogenesis involves methanogenic microorganisms, which generate methane, 
carbon dioxide and water from the organic acids (products of acidogenesis and 
acetagenesis). Obligate anaerobic bacteria, such as hydrogenotrophic and 
aceticlastic methanogens, carry out methanogenesis (Mata-Alvarez, 2003).  
 
Methane forming bacteria are more sensitive to their environment than acid forming 
bacteria. In a controlled optimum environment, methane-forming bacteria survive and 
convert more of the odour producing volatile acids into biogas. Optimum conditions 
include an oxygen-free environment, a relatively constant temperature, pH between 6.6 
and 7.6 and a consistent supply of organic matter. Due to the many complex 
interactions between the various constituent populations of the microbial consortium, a 
number of factors can upset the anaerobic digestion process (Magbanua Jr et al., 2001). 
The most frequent problems encountered are excessive volatile fatty acid 
accumulation, which can inhibit methanogenesis. Other common problems include 
high ammonia levels, a potent inhibitor of aceticlastic methanogens, pH, hydrogen 
sulphide, salinity, high organic load, temperature imbalance and certain xenobiotic 
compounds also inhibit digestion (Mata-Alvarez, 2003). The majority of these 
difficulties are encountered in the anaerobic digestion of poultry litter and poultry 
manure, especially high ammonia and high total solids content.  
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1.6.4.5     Anaerobic Digestion of Poultry Litter/Manure 
Research on anaerobic digestion of poultry waste has primarily focused on poultry 
manure rather than poultry litter, as poultry litter has a total solids content in the range 
of 50-70%, and poultry manure has an average of approximately 25%, which makes it 
more suitable for the process. As systems with solids levels greater than 10% are 
difficult to mix the dilution of poultry manure is essential to reduce the total solids 
content. Mixing is very important as it disperses the incoming waste within the actively 
digesting sludge, improving contact with the microorganisms and replacing the 
previously degraded products with fresh nutrients from the waste, it reduces 
stratification and thereby, helps in maintaining a high rate of anaerobic biodegradation 
and high production of gas. Dilution however, increases the volume of material to be 
handled, and thus increases process energy requirements (Steffen et al., 1998).  
 
One of the main inhibitory factors in the use of anaerobic digestion for poultry manure 
management is high ammonia (NH3) levels. Poultry manure contains a higher fraction 
of biodegradable organic matter than other livestock wastes, however, this includes 
high levels of organic nitrogen due to a high protein diet. The principal nitrogenous 
constituent in poultry manure is uric acid, which when anaerobically decomposed 
significantly contributes to the high ammonia levels (Kayhanian, 1999). The excess 
levels of endogenous ammonia-nitrogen result in digester failure, a drop in pH and the 
inhibition of methane production (Krylova et al., 1997).  
 
Due to the heterogeneous nature of poultry manure, the concentration of ammonia can 
vary from batch to batch. Magbanua et al. (2001) reported levels of ammonia at 1,500 
± 40 mg/l in comparison to 220 ± 20 mg/l for pig waste and Callaghan et al. (1999) 
reported ammonia levels of 12,800 mg/l. Ammonia concentrations as low as 80-100 
mg/l have been observed to affect the growth rate of aceticlastic and to cause inhibition 
(De Baere et al., 1984). Callaghan et al. (2002) also found that the presence of poultry 
manure in the digester feedstock always resulted in free ammonia levels of greater than 
100 mg/l, and identified this as the source of inhibition. However, Sterling et al. (2001) 
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found that 600 mg/l of ammonia did not affect process operations and may have served 
as an easily accessible source of nitrogen, but reached inhibitory levels at ammonia 
concentrations of 1,500 mg/l and 3,000 mg/l. Krylova et al. (1997) found that with 
poultry manure, up to 2,600 mg/l total NH3/N had no effect on biogas or methane 
production, but reductions of 50-60% in biogas production and 80-90% in methane 
production were found at 2,600-7,900 mg/l total NH3/N. Stable digester operation is 
possible provided the microbial consortium is sufficiently acclimated. Sterling et al. 
(2001) found that it is difficult to define exact operational criteria in relation to 
ammonia concentrations for the digestion of poultry manure, as small increases result 
in increased methane production, whereas, larger increases inhibit the biogas and 
methane production by as much as 50%. 
 
There are various theories to explain the inhibitory effect of ammonia. Krylova et al. 
(1997) found that ammonia can inhibit the destruction of organic compounds, the 
production of volatile fatty acids (VFA) and methanogenesis. The inhibitory effects 
could occur in different ways. Work reported by Callaghan et al. (2002) on pure 
cultures of methanogens, has suggested that ammonia can act in two possible ways, by 
inhibiting the enzyme which synthesises methane or by passive diffusion of the 
hydrophobic ammonia molecule into the cells causing a proton imbalance and/or 
potassium deficiency. Fujishima et al. (1999) also observed reduced methane 
production due to high ammonia levels. The bacteria (methanogens) could not 
acclimatise to the high levels. Mata-Alvarez et al. (2000) found that the accumulation 
of ammonia had an inhibitory effect on the glycolytic pathway by which glucose 
hydrolysed from carbohydrates was degraded.  
 
A common approach to mitigating ammonia inhibition is to dilute the digester 
feedstock, which has the added benefit of reducing total solids content (Callaghan et 
al., 2002). Dilution reduces volumetric ammonia and promotes stable digester 
operation, however, it results in a larger volume of waste to be processed, which makes 
the method economically unattractive.  Bujoczek et al. (2000) found the highest 
methane productivity was found with 100% fresh manure diluted to 5% total solids, 
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confirming that the dilution factor has a critical effect on digester performance and 
concluded that high solids anaerobic digestion of high organic nitrogen substrates 
required a prolonged acclimation period and gradual increase in organic load.  
 
The co-digestion of poultry manure with other agricultural and food processing waste 
products appears to be a more viable approach. Co-digestion involves the use of a co-
substrate, which in most cases improves the biogas yield due to positive synergisms 
established in the digestion medium and the supply of missing nutrients by the co-
substrate. Magbanua et al. (2001) found that the co-digestion of poultry manure and 
pig waste produced superior biogas and methane yields than the digestion of these 
wastes alone. In this particular experiment, the pig waste was collected from a drainage 
sump and may have harboured a significant quantity of methanogenic bacteria, while 
the poultry waste may have had a low population of obligate anaerobes and also may 
have provided additional substrate for the process. Callaghan et al. (2002) successfully 
co-digested poultry manure (30%) and cattle slurry (70%), however, as the amount of 
poultry manure in the feed and the organic loading was increased, the volatile solids 
reduction deteriorated and the methane yield decreased. 
 
Poultry manure was successfully co-digested in a farm based digester with pig waste, 
sludge and wastewater from meat and fish processing industries in the Netherlands 
(Caddet, 1994). It involved a two-stage process digesting the manure produced by 
45,000 laying hens. The biogas produced was approximately 64% methane and 36% 
carbon dioxide. The gas was used to replace natural gas in the farms co-generation 
plant adjacent to the digester, which consisted of a 95 kW gas engine and a 52 kW 
boiler. The gas was used to drive a generator which produced 340 MWh/year of 
electricity; 310 MWh was used on site and 30 MWh was sold to the public, and 690 
MWh/year of heat, of which 169 MWh was used to heat the digester and 163 MWh to 
heat the farm buildings, the remainder was not used.  
 
There are numerous advantages from the treatment of agricultural waste and manure by 
anaerobic digestion, which primarily include; pathogenic destruction, substantial 
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reduction in odours (by as much as 80%), and reduction in the organic pollution 
potential from manure and slurries. In addition, the mineralisation of nutrients during 
the process allows for improved plant uptake and the energy produced from the biogas 
should offset the cost of the investment. Anaerobic digestion is the preferred biological 
option in terms of global warming and gaseous emissions relative to aerobic treatment, 
which produces large and uncontrolled emissions of volatile compounds such as 
ketones, aldehydes, ammonia and methane.  
 
The process difficulties encountered with the digestion of poultry manure, reduce the 
beneficial aspects of anaerobic digestion. Nonetheless, dilution, co-digestion and 
mineral additions, such as phosphorite (Krylova et al., 1997), can alter process 
characteristics to make the anaerobic digestion of poultry manure a viable option. 
Additionally, anaerobic digestion can be successfully operated at high levels of 
ammoniacal nitrogen provided the levels are allowed to build up over a period of time 
allowing the methanogens to acclimatise (Callaghan et al., 1999).  
 
On the other hand, the disadvantages associated with anaerobic digestion are 
numerous, as in addition to the operational process problems encountered, anaerobic 
digestion represents a threat to human health, as the process is conducted in an 
enclosed environment and harmful emissions, such as methane, ammonia and 
hydrogen sulphide, are released, which may result in asphyxiation or a fire/explosion 
hazard (EPA, 2005). Anaerobic digestion effluents are generally not suitable for 
spreading directly onto land, as they are considered too wet and contain substantial 
amounts of volatile fatty acids, which can be phytotoxic and if digestion has not 
occurred within the thermophilic range, have little possibility of being hygienised. It is 
generally accepted that post treatment is required after anaerobic digestion to obtain a 
high quality, finished product (Mata-Alvarez et al., 2000).  
 
Anaerobic digesters are typically more viable on a large scale and the financial 
viability of an anaerobic digester is dependent on sufficient waste volumes in close 
proximity to the unit, and the spatial distribution of agricultural wastes is critical (EPA, 
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2005). Due to the scattered resources of poultry litter in West Limerick excessive costs 
may be incurred and may reduce the feasibility of the treatment process. 
 
1.6.4.6           Thermal Treatment (Waste to Energy) 
In order to obtain the full energetic potential of a biomass resource such as poultry 
litter, it is essential that the correct technology be selected. Thermal treatment is 
considered a valuable option due to its excellent energy recovery efficiency and 
dramatic volume reduction potential. 
 
 The conversion of poultry litter to energy can occur via small scale, on-farm systems 
resulting in the generation of heat or large scale, centralised units, which generate 
electricity and heat. 
 
Direct Combustion 
Combustion is the most developed and most frequently applied process for solid 
biomass fuels as it is a proven technology with relatively low costs, high reliability and 
commercial availability. However, the desire to burn uncommon fuels, such as poultry 
litter, and the need to remain competitive with other technologies requires continuous 
attention to improve efficiencies, reduce costs and decrease emission levels.  
 
As poultry litter is technically classified as a waste material, in the European Waste 
Catalogue (waste code 02 01 06), the thermal treatment of litter is classified as 
incineration, which is technically a form of combustion.  
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During combustion, the oxygen in the air is used to convert (oxidise) the organic 
material into energy (heat), simple gases and solids. The fuel is reduced to a 
biologically sterile ash, approximately 10% of its pre-burned volume and 30% of its 
pre-burned weight, depending on the fuel composition. The destructive ability of 
combustion renders pathologically contaminated material, such as poultry litter, 
suitable for final disposal (landfill). More significantly, energy may be recovered from 
the poultry litter and replace fossil fuels for energy generation with consequential 
beneficial impacts in terms of the greenhouse effect (Hester and Harrison, 1994).  
 
The combustion process can result in the formation of solid and gaseous pollutants 
with negative environmental implications. The quantity and composition of the solid 
(ash) residue generated is fuel dependent and adequate removal measures are 
necessary. The formation of gaseous pollutants such as sulphur dioxide, nitrogen 
oxides, carbon monoxide, volatile organic compounds and organo-chlorides such as 
dioxins and furans are highly dependent on fuel composition and combustion 
conditions (Williams, 2005). Other disadvantages include higher costs than other 
treatment technologies and longer payback periods due to higher capital investment. 
The high capital investment can be a disincentive for alternative disposal options, due 
to long term disposal contracts.  
 
As poultry litter is generally regarded as a low quality fuel relative to coal, mainly due 
to high moisture and ash contents and the presence of low melting eutectics, it is 
essential that the combustor is capable of handling low-grade, high-ash solid fuels, 
with minimum emission of pollutants (Annamalai et al., 1985).  
 
Poultry litter can be combusted using a variety of systems similar to the technologies 
employed for solid fuel combustion. The main combustion technologies employed for 
the combustion of biomass are fixed bed (grate) and fluidised bed systems.  
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1.7.1  Fixed-Bed Technology (Moving Grate Combustion Systems) 
Fixed-bed combustion systems consist mainly of grate-based combustors. At the heart 
of the combustor is the grate (Figure 1.5), the design and configuration of which dictate 
the system classification, examples include the chain grate, travelling grate, vibrating 
grate, reciprocating grate, underfeed stoker grate and spreader stoker grate systems. 
The grates serve to move the waste/fuel from the inlet hopper to the discharge end, 
whilst providing agitation and tumbling of the waste/fuel to ensure adequate mixing of 
the air and fuel and to prevent clinker formation. Primary air is blown evenly through 
the fuel bed via slits on the underside of the grate, which assists in combustion and 
cooling of the grate. Secondary air ensures further combustion of volatiles 
(Kroschwitz, 1991a). The main advantage of using a moving grate is its capacity to 
handle large volumes of waste.  
 
Figure 1.5  Fixed Grate-Based Combustor. 
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Moving grate technology has been successfully applied to poultry litter combustion on 
a medium and large scale basis. 
 
1.7.2 Small to Medium Scale Combustion of Poultry Litter by Fixed-Bed 
Technology  
In the past twenty years several efforts have been invested in the development of on-
farm, litter-fired energy systems for heating poultry houses. Most projects have used 
combustion or gasification technologies coupled with air-to-air or water-based heat 
exchangers for delivery of heat into the poultry house, as fuel for space heating is 
typically the single greatest operating expense for broiler producers (Wimberly, 2002).  
 
In 1986, A.J. Woodward & Sons in Gloucestershire, conducted medium scale 
combustion trials of poultry litter in order to heat poultry production houses (Caddet, 
1998, DTI, 1999). The farm had seven poultry houses, which resulted in approximately 
2,000 tonnes of litter annually. They found that the existing coal fired boiler, which 
operated at high temperatures, was not appropriate due to ash fusion and clinkering 
problems with the poultry litter. Underlying design flaws combined with unusually wet 
litter, resulted in carbon monoxide emissions that were three to eleven times the 
maximum permitted limit. Particulates were also twice the permitted limit. The first 
stage of the project involved converting the coal-fired underfeed stoker boiler by 
adding a semi-pyrolytic pre-combustor appropriate for burning poultry litter. The 
installation of a combined concurrent and counter-current turbulator jet assembly in the 
pre-combustor also allowed carbon monoxide levels to be reliably held below 60 
mg/Nm3, even when litter conditions were poor.  This level was below the 100 
mg/Nm3 required for UK Environment Agency (EA) compliance.  
 
The project demonstrated both the suitability of poultry litter as a fuel and the viability 
of the conversion process with the heat being used for heating the poultry houses. The 
availability of cheap heat allowed for increased ventilation rates, which resulted in 
much drier bedding, greatly improved carcass grading and better control of the general 
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health of the birds. The ash generated from the combustion process was sold to local 
fertiliser companies. ( DTI, 1999) 
 
The success of the initial demonstration of the medium scale system combined with the 
addition of two further poultry houses, which increased the amount of poultry litter 
available by 30%, resulted in the company converting the operation to a combined heat 
and power (CHP) scheme by adding an alternator driven by a reciprocating steam 
engine. The ‘Spilling’ type steam engine and alternator were installed in 1990. The 
engine was run on saturated steam, however, operational experience and economics 
identified the need for superheated steam. The installation of a wraparound superheater 
to the boiler increased electrical generation by about 100%. Overall power output was 
97.8 kW supplying 55.5% of the site’s electrical requirement. An overall CHP 
efficiency of 78% was achieved. Work on the improvement of combustion efficiency 
was relatively successful and the modified installation met all of the environmental 
conditions of the first stage of the project.  
 
The project proved a success in relation to establishing the feasibility of utilising litter 
as a fuel, and provided the confidence for the development of large scale, litter-fired 
power stations.  
 
1.7.3  Large Scale Combustion of Poultry Litter by Fixed Bed Technology in the 
UK 
The commercial combustion of poultry litter originated in the United Kingdom. Energy 
Power Resources (EPR) Ltd. have three centralised litter-to-energy, fixed-bed, 
combustion plants operational in the UK, varying from 12.5 MWe to 40 MWe. These 
plants were originally commissioned under the Fibrowatt Group, EPR acquired 
Fibrowatts UK assets in 2002.  
 
Fibrowatt recognised the potential of poultry litter as a practical fuel, due to its low 
cost and continuous availability. The first power station to utilise poultry litter as the 
primary fuel supply was Fibropower at Eye in Suffolk. The plant was commissioned in 
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1992 at a cost of £22 million. The plant consumes approximately 130,000 tonnes of 
litter per annum; this equates to approximately 60,000 tonnes of coal. The poultry litter 
is collected from 100 farms, within a 50 km range (DTI, 1999, Page and Allen, 1993). 
 
A moving grate furnace, with four reciprocating grates, each split into four zones with 
variable air supply to each zone, is used. Each section consists of a series of fixed bars 
in a staircase-like arrangement. The movement of the mobile bars serves to agitate and 
move the waste down the grate. A grabbing crane transfers the litter at a rate of 16 
tonnes per hour into the furnace. Approximately, 14 MWe is generated, which after in-
house consumption, results in a net output of 12.5 MWe. The plant was approved under 
the Non-Fossil Fuel Obligation (NFFO), which was introduced under the 1989 
electricity act, and results in a fixed price contract for a set period of time.  
 
Overall combustion efficiency is generally good, as indicated by the low carbon 
monoxide levels (31 mg/Nm3) and low carbon-in-ash content. The oxygen content of 
the flue gases (6.9%) indicated an excess air level of just under 48%. However, the 
high moisture content (45.5%) and high ash content (11% as received) adversely 
affected the fuel’s heating value and resulted in high flue gas heat losses. Overall 
power generation was approximately 24%.   
 
Emissions monitoring has shown that poultry litter at these volumes can be burned 
cleanly and efficiently. An electro-static precipitator (ESP) is used to capture any 
particulates from the flue gas. Air monitoring results show that all parameters were 
well within environmental limits (Table1.1 ). 
 
Table 1.1       Eye Power Station Air Monitoring Results. 
Pollutant Test Measurements (mg/Nm3) HMIP Limits (mg/Nm3) 
CO 31 250 
VOCs 0 - 0.24 20 
SO2 109 300 
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NO2 172 435 
HCl 181 250 
Particulates 155 200 
 
Dioxins and furans have an I-TEQ (International Toxic Equivalent) of 0.22 ng/Nm3 
(Nm3 is normal cubic metre), below limits imposed by HMIP (Her Majesty’s 
Inspectorate of Pollution). Analysis of samples from two farms, approximately 1 km 
and 2 km downwind, showed that the power station has no measurable effect on the 
level of dioxins in the milk (DTI, 1999).  
 
Following the success of the plant at Eye, Fibrogen, a subsidiary of the Fibrowatt 
group, commissioned the Glanford power station in Lincolnshire in 1994 at a cost of 
£24 million. This plant was designed to combust approximately 150,000 tonnes per 
year of poultry litter, straw and wood shavings, to generate a net electrical output of 
13.5 MWe. Glanford power station differs from Eye as a furnace with a spreader stoker 
arrangement was used (Williams, 1994).  
 
In a spreader stoker system, the biomass fuel is metered by a series of air swept 
distributors, which distribute the fuel uniformly, using a precise trajectory, on a grate 
into the combustion chamber of the boiler. This furnace has a faster response than other 
grate based furnaces but also requires more combustion air and it has greater problems 
with fly ash emissions (Culp, 1991). A Rotograte® stoker was employed at this power 
station, which is a forward-moving, air-cooled, continuous ash discharge, travelling 
grate, spreader stoker. This system can be used for high-ash, low fusion wastes, such as 
poultry litter (PPRP, 1998). It is designed to deal with fuels with high ash content, by 
providing constant agitation preventing clinker formation, although slagging can occur 
with inhomogeneous air supply. However, one of the main difficulties encountered 
with spreader stokers is that non-combustible contaminants (ash) in the fuel melt, fuse 
or vaporise within the combustion chamber (Gray et al., 1999).  
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The unit operated consistently at temperatures over 850oC, with a feed rate of 24 
tonnes per hour. Overall boiler efficiency was approximately 27.3%, with low excess 
air levels and comparatively low exit flue gas temperatures. The efficiency advantage 
of Glanford over Eye represented a fuel saving of about 3.5%. Good combustion 
efficiency was indicated by low carbon monoxide (53 mg/Nm3) and carbon content in 
the ash (1.64-3.16%) (DTI, 1999).  
 
An electrostatic precipitator was used for particulate removal. The emissions from the 
unit met the requirements of relevant British Standards and the Environmental 
Protection Act (1990). The level of total heavy metals (particulate and vapour gases), 
dioxin and furan emissions were well below the current HMIP limits. However, this 
plant was listed as the 27th largest arsenic air emitter in the 1998 Pollution Inventory of 
Industrial Units in England and Wales, with emissions of 0.0498 tonnes of arsenic 
(Maggs, 2000).  
 
The Fibrogen Glanford power station generated electricity from the combustion of 
poultry litter. However, due to disposal difficulties encountered from the BSE (Bovine 
Spongiform Encephalopathy) controversy this power station switched over to 
incineration of meat and bone meal in 2000.  
 
The third Fibrowatt operation is the power station at Thetford in Norfolk. The Thetford 
power station, known as Fibrothetford, commenced operation in 1998 at a cost of £70 
million. The plant consumes approximately 400,000 tonnes of poultry litter along with 
60,000 tonnes of wood chips and other biomass residues a year. The net electrical 
output of the plant is 38.5 MWe and uses the same combustion technology as Glanford. 
Most biomass boilers not using fluidised beds use a similar arrangement to that at 
Thetford. In the earlier plants, crane grabs were used to transfer the fuel from the 
delivery bunkers to the boiler feed, but at the Thetford plant spiral screw feeders 
transfer the litter to a conveyor belt where it is pneumatically transferred into the boiler 
at a rate of 55 tonnes per hour.  
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Fibrothetford employs a cyclone and a baghouse for particulate removal along with 
lime injection into the flue gas to further reduce sulphur dioxide and acid gases, such as 
HCl.  
 
Along with electricity generation, the power stations generate significant quantities of 
ash, which is generally blown by compressed air into hoppers where it is mixed with 
trace elements to make nitrogen free fertilisers rich in phosphorus and potassium.  
 
1.7.4  Large Scale Combustion of Poultry Litter by Fixed Bed Technology in 
Maryland 
The Maryland Department of Natural Resources, Power Plant Research Program 
(PPRP) evaluated poultry litter as an alternative for a cogeneration plant at the Eastern 
Correctional Institution (ECI) (Brown, 2000). The primary catalyst for the project was 
the excessive level of poultry litter in the area and the resulting pollution from land 
spreading. The ECI combustion system consisted of a spreader stoker fuel distribution 
system. 
 
The original system consisted of wood chips being spread into a Hydrograte® stoker 
using two pneumatic fuel distributors. The inclined grate was shaken periodically to 
move the ash along the grate. Due to the existing system configuration and the high 
fines content of the poultry litter, the litter was compacted by cubing, in order to be 
burned successfully. It was necessary to air dry the material to reduce the moisture 
content from an average of 30% to between 18-20% to cube the material. Additionally, 
the cubing process was a high pressure, exothermic process that resulted in further 
moisture loss. 
 
Approximately 82 tonnes of cubed poultry litter were combusted, with a total firing 
time of 40 hours. Initially, significant slagging was observed in the fuel grate. By 
increasing the frequency and duration of shaking of the Hydrograte, reducing the fuel 
bed depth on the grate and increasing the undergrate to over-fire air ratio from 1:1 to 
3:1, slagging was reduced and steady state conditions were achieved while firing litter. 
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Deposition occurred on virtually all boiler internal surfaces but this deposition was not 
an issue with the combustion of wood, indicating the problematic nature of poultry 
litter as a fuel.  
 
The most significant findings from the test burn were:  
1. The cubed litter had limited durability and broke up throughout the fuel 
handling and conveying system. 
2. The inordinately high rate (frequency and intensity) of shaking required to 
achieve effective ash bed movement was deemed to be potentially detrimental 
to the grate over an extended time period, thereby reducing the life expectancy 
of the grate. Replacement of the Hydrograte with a moving grate (e.g. 
Rotograte) was not recommended because the available furnace volume would 
be reduced, thereby reducing steam-producing capacity. 
3. The combustion air emission factors developed from the stack test were 
generally in good agreement with those reported in the UK. However, controls 
for particulates and possibly nitrogen oxides (NOx) and hydrogen chloride 
(HCl), were considered necessary based on the emissions test data collected. 
Nitrogen oxide levels, however, could be controlled from a facility functioning 
at optimum capacity without the need for abatement technology. It was 
concluded, that HCl would need to be controlled by a lime scrubber or, 
alternatively, fuel conditioning, such as lime addition. 
4. Poultry litter ash was found to be a non-hazardous material and suitable for 
exploitation as a fertiliser. 
 
The experimental research conducted at the ECI facility concluded that poultry litter is 
of sufficient heating value and available in sufficient quantity to fire the ECI 
cogeneration facility or a comparable sized facility.  
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1.7.5  Fluidised Bed Combustion 
Fluidised Bed Combustion (FBC) is a recognised technology capable of burning a wide 
range of fuels in an environmentally sound and efficient manner (Andersson and 
Hagman, 1997).  
 
The fluidisation technique is often used in processes where a non-homogeneous 
reaction takes place, because of the wide contact surface between solid and gas. The 
gas-fluidised bed is ideal for many chemical reactions, drying, mixing and heat transfer 
applications. The original development of FBC in relation to power generation was in 
the form of bubbling FBC for coal-fired power generation, to allow removal of 
potential air pollutants concurrently with combustion. Although some large coal-fired 
retrofit demonstration units have been built and operated successfully, it has been 
shown that the technology is better suited to smaller industrial applications, including 
units that fire biomass and wastes in conjunction with, or instead of, coal (Coulson and 
Richardson, 1991).   
 
Fluidised bed combustors have shown to be a versatile technology capable of burning 
practically any fuel combination with low emissions. They have been used for a wide 
variety of wastes, including municipal solid waste, sewage sludge, hazardous waste, 
liquid and gaseous wastes, and wastes with difficult combustion properties. They can 
be designed to combust any solid, semi-solid or liquid fuel without the use of a 
supplementary fuel, as long as the heating value is sufficiently high to heat up the fuel. 
 
Fluidised beds consist of a bed of inert particles (usually sand) contained in a refractory 
lined chamber (Figure 1.6). A fluidised bed is created when solid particles are 
subjected to an upward velocity by the flow of air or other gas introduced through a 
distributor, which is typically a drilled plate at the bottom of the vessel. The term 
“fluidised bed” was coined because the gas-solids mixture within the reactor behaves 
as though it were a fluid. The sand generally represents about 95 to 98% of the total 
operational bed, while the fuel material makes up the remainder (Obernberger, 2000).  
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The height of the solids above the distributor plate is called the bed height and the 
vertical height above the bed is called the freeboard. The freeboard performs the 
function of a disengaging chamber, allowing the suspended solids to separate from the 
uprising gas (Samu and Jeffcoat, 1997).  
 
1.7.5.1  Fluidisation 
Gas-solids fluidisation is the levitation of a bed of solid particles by a gas. Good 
fluidisation is obviously essential for an efficient process and to obtain this the bed 
must be free from irregularities and channelling. Certain solids are not conducive to the 
fluidisation process, particularly those whose shape is appreciably non-isometric and 
those that form soft particles, which readily form agglomerates. Sand particles of a 
certain size range are a cheap and thermally resistant solid suited for the fluidisation 
process.  
The basic concepts of a gas-fluidised bed are illustrated in Figure 1.7, the different 
fluidised bed regimes are a function of gas velocity.  
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Figure 1.6   Fluidised Bed Combustor. 
 
At a low gas velocity, the bed of solids initially remains static. This constitutes a 
packed or fixed bed. The particles become rearranged with the increase in gas flow as 
the drag and buoyancy forces eventually overcome the weight of the particles and 
inter-particle forces. This is the particulate regime. At this point the bed is minimally 
fluidised, and this gas velocity is termed the minimum fluidisation velocity at which 
particles display minimal motion, and the bed is slightly expanded. The process 
continues as the velocity is increased, with the total frictional force remaining equal to 
the weight of the particles, until the bed has assumed the loosest stable form of 
packing. If the velocity is increased further, the individual particles separate from one 
another and become freely supported in the fluid and the bed is said to be fluidised. At 
higher velocities two separate phases may form; a continuous phase which is often 
referred to as the dense or emulsion phase and the discontinuous phase known as the 
lean or bubble phase. This constitutes the bubbling regime, which is the beginning of 
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Figure 1.7 Fluidised Bed Behaviour. 
 
aggregative fluidisation. Gas velocities in the turbulent fluidisation regime are high 
enough for the gas and solids to occupy similar volumes, so that there are no distinct 
bubbles, just random gas voids exist. 
 
An industrial fluidised bed combustor can assume several possible configurations 
depending on such factors as bed pressure, gas velocity, fuel and air distribution 
systems, bed design and method of achieving high carbon utilisation and control of 
sulphur dioxide. Fluidised beds are mainly of the bubbling, turbulent or circulating bed 
types, although some pressurised fluidised beds have been built for coal fired power 
generation (Fig 1.8). 
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Figure 1.8 Schematic Diagram (a) a bubbling, (b) a turbulent, and (c) a 
circulating Fluidised Bed (Williams, 2005). 
 
For a bubbling bed unit, there is a distinct bed level and a relatively small amount of 
solids are entrained with the gas as it leaves the bed. The behaviour of bubbling 
fluidised beds is dominated by rising gas voids (bubbles). Gas bubbles pass through a 
high-density fluidised bed with the result that the system closely resembles a boiling 
liquid. The role of the bubbles is very important because of the impact on the rate of 
exchange of mass or energy between the gas and solids in the bed. However, bubbles 
can grow to a large size and cause contact inefficiencies brought on by insufficient gas 
bypassing. Bubble size is controlled by controlling particle size distribution or by 
increasing gas velocity. Bubble motion can also be retarded by the bed wall and the 
bed diameter (Kroschwitz, 1991b). 
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Turbulent fluidised beds are created by increasing the air-flow, and to prevent 
elutriation of the bed material out of the freeboard cyclones are placed within the 
freeboard to re-circulate the solids back to the bed. Further increase in air-flow 
produces a circulating fluidised bed, where the solids are intentionally elutriated out of 
the bed into a cyclone and the material is re-circulated back to the bed. In the 
circulating fluidised bed, combustion also takes place in the cyclone. Such beds are 
much taller and produce longer residence times of the solid particles in the hot zone, 
resulting in greater burn-out of the products of combustion and reduced organic 
emissions. The disadvantage of circulating beds is excessive abrasion of heat 
exchanger tubes due to the higher fluidising velocities. 
 
1.7.5.2  Combustion of Fuel in a Bubbling Fluidised Bed  
Fluidised beds are compact allowing intimate mixing to take place, so the heat transfer 
within the bed is very rapid, and uniform temperatures are quickly attained throughout 
the system. Solids in an unrestricted fluidised bed can be almost completely back-
mixed, giving the bed uniform solids properties and a constant temperature throughput. 
The “engine” driving the solids mixing and circulation is the drag exerted by the gas on 
the particles. The easy control of temperature is its key feature, which has led to the use 
of fluidised solids for strongly exothermic processes and where close control of 
temperature is important. During normal operation the temperature is controlled by the 
opposing effects of the heat input from the burning fuel and outgoing heat in the flue 
gases. The bed temperature is stabilised by passing excess air through the bed or by 
using heat exchanger tubes in the bed. The fluidised bed reactor greatly increases the 
burning rate of waste since the rate of pyrolysis of the solid waste material is increased 
by direct contact with the hot, inert bed material. Gases in the bed are continuously 
mixed by the bed material, enhancing the flow of gases to and from the burning solid 
surface and enhancing the completeness and rate of the gas-phase combustion reaction. 
In addition, the charred surface of the burning solid material is continuously abraded 
by the bed material, enhancing the rate of new char formation and the rate of char 
oxidation.  
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The fluidised bed reactor promotes the dispersion of incoming waste, with rapid 
heating to ignition temperature, and promotes sufficient residence time in the reactor 
for their complete combustion. One of the reasons fluidised beds have a wide 
application is the excellent heat-transfer characteristic, as the intense solids mixing and 
good gas-solids contact create an isothermal system with good mass transfer. The heat 
transfer to surfaces for heating and cooling is excellent. Heat transfer between gas and 
sand particles is rapid because of the enormous particle surface area available. The high 
heat transfer rates within a FBC allow faster ignition of low combustible waste, and 
good heat recovery (Coulson and Richardson, 1991, Kroschwitz, 1991b).  
 
In addition, the requirement for oxygen is low due to the intensive mixing of the air 
and sand/fuel. For fixed bed combustion systems 6.0-9.0% (vol.) oxygen is required, 
whereas for a fluidised bed combustion system 1.5-5.0% (vol.) of oxygen is required. A 
reduced oxygen content in the flue gas results in a reduced flue gas volume flow, 
reduced thermal-NOx formation and elutriation of fine unburned carbon (Obernberger, 
2000).    
 
The ability to reduce gaseous emissions by control of temperature is a key advantage to 
the use of FBC technology. Thermal nitrogen oxides (NOx) are formed by the reactions 
between nitrogen and oxygen in the air used for combustion. The rate of formation is 
extremely temperature sensitive and the lower operational temperatures within an FBC 
favour reduced thermal NOx formation.  
 
FBC technology also facilitates the addition of additives directly to the bed to adsorb 
pollutants, for example the addition of lime to reduce sulphur dioxide (SO2) emissions. 
Limestone calcines to form calcium oxide (CaO) and then reacts with SO2 to form 
calcium sulphate as follows: 
 
CaCO3 ? CaO + CO2 
CaO + SO2 + ½ O2 ? CaSO4 
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There are some disadvantages to FBC technology: The combustion air must be 
supplied at a high enough pressure so that it can support the fluidised bed. This means 
that the pressure rise across the fan must be higher than that for a conventional coal 
fired furnace with an accompanying increase in the fan power required. Furthermore, 
the system requires about 50 percent more limestone or dolomite than a flue gas 
scrubber system for the same sulphur removal (Culp, 1991). Other disadvantages 
include high dust loads and erosion problems caused by the particles in the furnace 
rubbing the evaporator tubes. The high dust loading elutriated in the flue gas makes 
efficient dust removal necessary (DTI, 2000).  
 
Difficulties also arise in fluidised bed combustion from large particles, which can cause 
agglomeration, resulting in reduction or cessation of fluidisation. This arises due to 
fusion of ash particles in very hot zones in the bed. Agglomeration is very significant 
with regard to the combustion of poultry litter, due to the high level of low-melting 
compounds. The agglomerated masses have to be removed. These difficulties can be 
overcome with fuel size reduction and control of bed temperatures (Al-Otoom et al., 
2005).  
 
1.7.5.3  Combustion of Poultry Litter by Fluidised Bed Combustion (FBC) 
Annamalai et al. (1985) assessed the combustion of poultry litter in a modified coal 
fired FBC. An over bed auger feed system was used, with electrical heaters to pre-heat 
the bed. High moisture levels created complications with the screw feeder system and 
the fuel required drying to 11% moisture before combustion.  
 
Based on the results obtained from the combustion trials, the following general 
observations were made regarding the combustion of litter. It was found that poultry 
litter was an easily combustible fuel, although the high moisture and high-ash content 
of the fuel caused problems. The fouling problems were minimised by combusting the 
fuel at the lowest possible bed temperature and sufficient time was provided to allow 
the volatile species to oxidise completely. The minimum bed temperature required to 
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ignite the fuel was found to be about 570-600oC and self-sustaining combustion was 
achieved at fuel rates above 7.9 kg/h, below which an auxiliary fuel was required.  
 
The effects of excess air on the combustion process were assessed. The excess air was 
altered by keeping the air-flow constant and varying the fuel feed rates. The authors 
found that the oxidation efficiency increased as the excess air was increased to 10%; 
above this value the efficiency decreased. As the excess air was increased beyond 10%, 
more volatiles and char oxidised in the emulsion (dense bed) phase to CO. The 
observed decrease in CO levels beyond an excess air level of 10% was due to a dilution 
effect. As the litter consisted primarily of volatiles (80% on a dry-ash free basis), 
combustion efficiency was dominated by the kinetics of the oxidation of volatiles. As 
volatiles rapidly oxidise to CO, and CO oxidation is slow, higher CO content was 
found for the litter-fired FBC.  
 
The effect of temperature was also examined. Increased bed temperature resulted in 
better carbon conversion efficiency, as the CO2 production and oxidation efficiency 
increased when the bed temperature was varied from 615-650oC. The CO content was 
found to decrease to 0.1% as the bed temperature was increased to 800oC. The overall 
conclusion of this research work was that optimum conditions for the combustion of 
poultry litter in a FBC to obtain an acceptable CO level were an excess air level of 
about 10% and a combustion temperature of 650oC, with sufficient residence time 
for the complete combustion of volatile matter. 
 
Spinheat Ltd., based in Connecticut, USA, has developed a modular system to burn 
poultry litter to generate heat and power. Their work has centred on the use of an 
Internally Circulating Fluid Bed (ICFB) boiler (Virr, 1999).  The ICFB boiler was 
found to be suitable for the burning of poultry litter because of its internal circulation 
coupled with the ability to vary heat extraction from the fluid bed, enabling the use of 
fuels with low heating values without extinguishing the bed. Internal circulation was 
induced in the dense bed by supplying relatively little air to the bed centre and 
relatively more air to the outer bed nozzles, causing the dense bed to move down in the 
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middle, engulfing the incoming fuel, and up at the sides where the majority of fuel 
combustion occurred. An over-fire burner heated the bed and 4% oxygen was used for 
combustion. 
 
During combustion trials it was found that the majority of the litter was combusted in 
the freeboard, as temperatures in excess of 1100oC were detected in the top of the 
combustor. The addition of secondary air immediately opposite the feed chute allowed 
better control of temperature, which helped to reduce emissions; CO was mostly under 
1000 ppm, NOx was about 100 ppm and SO2 was 500 ppm. The introduction of 
secondary air also resulted in reduced slag formation, due to the lower freeboard 
temperature. The use of an in-bed feed screw for the poultry litter ensured that the 
majority of the fuel combusted in the bed, therefore maintaining lower temperatures in 
the freeboard region.  
 
Plugging of the feed tube with poultry litter was overcome by adding a sparge line 
down the centre of the feed tube to assist the feed into the unit. Bed clinkering of the 
poultry litter was eliminated by the addition of clay (25% by weight), which formed 
high temperature silicates, avoiding the formation of clinker.  
 
Zhu et al. (2005) co-combusted poultry litter and natural gas in a Swirling Fluidised 
Bed Combustor (SFBC). The SFBC is a means of improving FBC performance by 
introducing the secondary air through tangential direction into the cylindrical 
combustor.  
 
The authors found that the majority of the combustion of poultry litter occurred in the 
freeboard, which was indicated by the high temperature (865oC) there. At a fixed 
amount of secondary air, the carbon combustion efficiencies increased as the excess air 
was increased to 30% and began to decrease as this was exceeded. As the excess air 
moved from the stoichiometric amount, it increased the particles movement and 
oxygen concentration, so combustion was improved. When the excess air exceeded the 
optimal value, elutriation of fine unburned carbon was observed. The swirling flow 
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was found to elongate the residence time of the gas flow and particles, and restrain 
unburned carbon elutriation. Optimal poultry litter combustion conditions resulting in a 
carbon combustion efficiency of 89%, were found to be 30% excess air and 20% 
secondary air, and a height of 0.85 m above the distributor plate for the secondary air 
injection. 
 
NOx emissions were also examined during the combustion trial. It was concluded that 
under fluidised bed conditions, NOx emissions originated from the nitrogen released 
from the poultry fuel, so the formation of thermal NOx was considered insignificant. 
They found that NOx emissions increased slightly as the temperature increased. This 
was due to fact that the higher temperature increased the release of fuel-NOx from NH3 
groups and thus enhanced the formation of NOx. The emissions of NOx also increased 
significantly as the excess air was increased, as the oxygen concentration is regarded as 
a significant factor in NOx formation, however, when the excess air level increased CO 
concentration decreased. Under optimum combustion conditions in relation to carbon 
combustion efficiency, the NOx emissions were found to be in the range of 80-140 
ppm.  
 
The SFBC system was demonstrated as a cost-effective and environmentally feasible 
solution for disposing of poultry litter (Zhu and Lee, 2005). 
 
Large Scale Combustion of Poultry Litter in a Fluidised Bed Combustor 
Westfield Power Station in Fife, Scotland was the first plant to use a FBC system to 
burn poultry litter to generate power. The project was developed by Energy Power 
Resources (EPR) Limited, at a cost of £22 million and commenced operation in 2000 
(Hall-Stride and Turner, 2004).  
 
The Westfield plant converts 115,000 tonnes of the litter per year into electricity and 
fertiliser ash. Grampian foods, the largest poultry producer in Scotland, have a long-
term contract with EPR to supply poultry litter from its meat production division, 
additional top-up contracts provide the balance of litter. A key feature at Westfield is 
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the totally enclosed fuel store which incorporates an automated mixing system and can 
hold 3,500 tonnes of poultry litter; this ensures that the plant can accept deliveries in 
accordance with production cycles of the poultry farming industry. The poultry litter 
has a variable moisture content of 20 to 45%, requires no pre-treatment and is fed 
directly to the FBC, at a rate of 14 tonnes per hour via a semi-automatic crane to a push 
floor feeder. The FBC is of the bubbling bed type and incorporates flue gas recycling 
for combustion temperature control. The poultry litter combustion temperature is 
maintained at 850oC. The Westfield plant, which has a net electricity output of 10 MWe 
generates around 87,000 MWh per year. The plant’s electricity output is sold to 
Scottish Power and Scottish & Southern Energy under an SRO-1 contract. An SRO 
(Scottish Renewables Obligation) contract is similar to the English NFFO contract 
(Currie and Elrick, 2002, DTI, 2001). 
 
The ash from the combustor is extracted at four stages; the fluidised bed, the 
superheater, the economiser and the bag filter, and is pneumatically conveyed to a 
storage silo with a capacity of 200 tonnes. It is sold as a fertiliser. 
 
Flue gas emissions are typically less than half the limits set by the Scottish 
Environmental Protection Agency (SEPA).  
 
1.7           Conclusion 
In order to solve the current poultry litter waste disposal problem in West Limerick, in 
an environmentally sustainable manner, it is essential that the correct conversion 
technology be selected.  
 
As composting results in a substantial reduction in volume by approximately 50%, it 
could prove a useful treatment system for poultry litter. However, due to marketing, 
operational difficulties and lack of energy recovery, composting was not chosen as the 
treatment for this project. 
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Anaerobic digestion does not appear to be the optimum solution for exploiting the full 
potential of poultry waste either as layer manure or broiler litter as a renewable energy. 
An increase in waste volume and poor methane yields are synonymous with the 
digestion of poultry manure alone. Co-digestion and mineral addition provide potential 
solutions, however, the lack of waste reduction seriously reduces the beneficial aspects 
of anaerobic digestion as an option for the treatment of poultry litter (Buioczet et al 
2000).   
 
Thermal treatment is therefore the most feasible process for converting litter-based 
manure to energy (Charet and Beauchamp 220, Fuishima et al 1999).(C et al 200  
 
Gasification, although an innovative and efficient energy conversion system, was 
considered too expensive for the project, as extensive gas cleaning and wastewater 
generation and treatment would be required.  
 
Small scale, decentralised fluidised bed combustion (FBC) technology was selected for 
this project. A system based on point of production was chosen due to economical, 
environmental and logistical considerations. Although approximately 30,000 tonnes of 
poultry litter are produced annually in Limerick, a centralised combustion unit may not 
be feasible due to the poor quality of the roads in West Limerick. Small scale, on-farm 
projects largely remove transportation issues associated with large scale plants and also 
offer reasonable prospects for gainfully using recovered energy as a means for heating 
poultry production houses. Additionally, on-site recovery plants are likely to be subject 
to local authority planning permitting procedures rather than licensing and planning 
requirements of large scale projects. Additionally, long-term commitments, and 
product purchase contracts are necessary for a large scale processing facility (SEI, 
2003). 
 
Thermal treatment incorporating a Bubbling Fluidised Bed Combustor (FBC) was 
chosen for this research program, due to its relative flexibility with dealing with high 
moisture and high ash biomass wastes. This key advantage in using fluidised bed 
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systems is that the large mass of the bed material creates a thermal inertia that absorbs 
moderate swings in fuel moisture contents and heating values without adverse output 
changes. Additionally, the fluidised bed combustor has no internal moving parts, thus 
the need for repairs and maintenance are significantly reduced, if not eliminated. This 
is a significant advantage in terms of operating costs compared to moving grate 
technologies (Culp, 1991).  
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13 Poultry Litter as a Fuel 
 
 
2.1    Introduction 
 
In order to assess the viability of poultry litter as an energy resource, it was necessary 
to establish its fuel properties. As poultry litter consists of a mixture of manure 
(excreta) and bedding material, such as wood shavings or straw, it was necessary to 
analyse the bedding material to measure its contribution to the combustibility of 
poultry litter. Various bedding materials can be employed, however, straw and wood 
shavings are typical materials used in the Kantoher region.  
 
The straw is sourced locally and is primarily wheat straw. The wood shavings are 
purchased from timber importers and are untreated pine shavings from Scandinavia. 
Wood shavings are generally the preferred bedding material, as they have a higher 
absorbancy capacity, higher bulk density, require a smaller quantity for bedding, have a 
smaller particle size, and are less prone to caking. Additionally, moulds do not grow on 
wood shavings, but may grow on straw if there is a high moisture content. The main 
disadvantage of wood shavings is that they tend to be more expensive (SEI, 2003). Peat 
was also analysed as an auxiliary fuel to aid in the combustion of the litter.  
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2.2    SECTION I: Chemical and Energy Properties of Poultry Litter 
To fully understand the issues associated with preparing litter as a fuel for energy 
production it was necessary to understand its physical and chemical characteristics 
along with the identification of potential handling and combustion problems. The most 
significant parameters were classified and determined via proximate and ultimate 
analyses.  
 
 2.2.1     Results and Discussion: Poultry Litter as a Fuel 
Poultry litter is a free-flowing, granular material, with a consistency and physical 
appearance comparable to that of a mixture of wood chips and sawdust. It is generally 
recognised as a low value fuel due to its relatively high moisture and ash content. The 
moisture content of poultry litter is extremely variable and this impacts on the 
homogeneity and the potential heating value of the fuel, which can range from 9-13 
GJ/tonne (Dagnall et al., 2000, Martin and Lefcort, 2000). Due to the heterogeneity of 
poultry litter numerous samples were analysed to establish the fuel properties. 
 
The average results obtained for the proximate analysis of poultry litter with wood 
shavings as the bedding material are presented in Table 2.1. The data is presented on an 
as-received and on a dry basis. The proximate analysis determines the mass fractions of 
moisture, volatile matter, fixed carbon and ash content. The combustible portion of fuel 
is based on the volatile and fixed carbon content. Volatile matter is the percentage of 
combustible gaseous products, exclusive of moisture content, present in a fuel. Fixed 
carbon is the solid residue other than ash, remaining after the volatile matter has been 
liberated from the fuel during combustion. The ash content, represents the inorganic 
residue remaining after the complete combustion of the fuel, it has no heating value. 
Depending on the magnitude of the ash content, the available energy of the fuel is 
reduced proportionately. The heating (calorific) value of the fuel is listed in 
conjunction with the proximate analysis. The heating value of a material is a very 
important property. It is an expression of the energy content, or heat value, released 
when burned in air and is derived from the combustible portion (volatile matter and 
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fixed carbon) of the fuel (Culp, 1991). The determination of these variables is essential 
to establish the operational parameters of the combustion unit. 
 
Table 2.1 Proximate Analysis of Poultry Litter with Wood Shavings as Bedding 
Material. 
Proximate Analysis (as 
received wt%) Poultry Litter Range Poultry Litter Average Std Dev 
Moisture  20 - 58 39.88 9.58 
Volatile Matter 30 - 50 37.05 6.59 
Fixed Carbon 2 - 13 8.61 4.53 
Ash 12 - 20 16.05 2.25 
Heating Value (GJ/tonne) 8.5 - 13 10.79 1.26 
        
Proximate Analysis (dry 
basis wt%)       
Moisture  - - - 
Volatile Matter 50 - 84 61.62 8.04 
Fixed Carbon 4 - 20 14.31 6.12 
Ash 20 - 33 26.7 4.06 
 
The proximate analyses of poultry litter from published literature are presented in 
Table 2.2. The proximate analyses of coal, municipal solid waste (MSW) and willow 
are also presented for comparison.  
The as-received poultry litter showed high moisture and ash content, volatile matter 
and a relatively low fixed carbon content. The inherent variability of poultry litter as a 
fuel was clearly demonstrated from the proximate analysis of poultry litter samples, 
particularly from the magnitude of the standard deviation.  
 
The moisture content is the key factor in determining fuel quality and is generally a 
result of husbandry practices and climatic conditions. The average moisture content of 
the litter was approximately 40%, which is higher than figures reported in literature 
(Table 2.2), this may be due to different operational conditions and bedding material 
employed. The poultry litter analysed had higher moisture levels than quoted values for 
coal and willow, however it exhibited similar moisture content to municipal solid waste 
(MSW). 
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Table 2.2 Proximate Analyses of Poultry Litter, Coal, MSW and Willow - 
Published Results. 
 
Poultry 
Litter1 
Poultry 
Litter2  
Poultry 
Litter3  
Poultry 
Litter3  
UK 
Bituminous 
Coal4 MSW4 Willow5 
Proximate Analysis (as 
received basis wt%)               
Moisture (%) 27.40 27.01 30.50 20.00 8.40 37.80 9.73 
Volatile Matter (%) 47.30 44.88 48.30 50.02 25.90 30.24 74.99 
Fixed Carbon (%) 9.80 9.75 9.70 11.10 55.50 4.90 14.22 
Ash (%) 15.70 18.35 11.30 18.70 10.50 27.35 1.08 
Heating Value (GJ/tonne) 10.69 10.71 10.98 12.80 27.20 6.94 18.24 
                
Proximate Analysis (dry 
basis wt%)               
Moisture (%) - - - - - - - 
Volatile Matter (%) 64.80 61.49 69.50 62.53 28.28 48.69 83.05 
Fixed Carbon (%) 13.43 13.36 13.95 13.88 60.61 7.89 15.75 
Ash (%) 21.60 25.25 16.26 23.38 11.47 44.04 1.20 
 
1 (Gray et al., 1999). 
2 (Patel and McQuigg, 1999). 
3 (Martin and Lefcort, 2000). 
4 (Williams, 1998). 
5 (Miles and Baxter, 1995). 
 
The high moisture levels detected in the poultry litter are significant as it reduces the 
potential heating value of the fuel, given that heat is required to evaporate the moisture. 
The moisture content influences the combustion behaviour, the adiabatic temperature 
of combustion and the volume of flue gas produced per energy unit. The high moisture 
content can cause ignition and combustion problems (Demirbas, 2004). It may result in 
lower flame temperatures, which reduce the potential for nitrogen oxide (NOx) 
formation, however, this may be accompanied by a reduction in combustion efficiency 
and an increase in the formation of products of incomplete combustion, such as carbon 
monoxide (CO) and volatile organic compounds (VOCs). It may also result in a 
temperature drop in a large volume furnace, allowing the fire to flame out, creating a 
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situation where heat in the furnace produces combustible gases, which can re-ignite or 
explode. Combustible gases from wet, smouldering fuel can also cause unstable flaring 
in the boiler and disturb air-flow which results in the entrainment of particles and 
unburned gases in the flue gas, resulting in increased emissions. The combustion of wet 
biomass fuels generally requires a longer residence time for drying before gasification 
and charcoal combustion takes place, and this creates the need for larger combustion 
chambers (Obernberger, 1998). The high moisture content of the poultry litter was a 
key factor in the selection of a fluidised bed as the combustion technology for this 
research project as the intimate mixing, high heat transfer rates and longer residence 
times ensure efficient combustion of high moisture fuels.  
 
The as-received volatile content of the poultry litter was lower than the referenced 
results, however, the values reported on a dry basis indicated a similar volatile content 
(~62%). The average fixed carbon content on a dry basis was also similar to the 
published values. The significance of the volatile matter and fixed carbon content is 
that they provide a measure of the ease with which the biomass can be ignited and 
subsequently oxidised (McKendry, 2002a). The poultry litter had a much higher 
percentage of combustibles in the form of volatile matter compared to coal, so the 
devolatilisation of gases and combustion in the freeboard would be more important for 
poultry litter than coal. The volatile to fixed carbon ratio was 4.3:1, suggesting that the 
dominant form of combustion would be gas phase oxidation of the volatile species 
(Tillman, 2000).  
 
It is necessary to measure the volatile matter and fixed carbon content in a fuel in order 
to establish adequate combustion parameters. For instance the high volatile matter 
detected in the poultry litter, could result in the volatiles by-passing the bed and 
combusting in the freeboard, which would result in thermal instability of the bed. The 
volatile matter arising from the thermal degradation of a fuel is normally completely 
combusted by providing adequate residence time, post-combustion temperature and 
turbulent mixing, which is necessary to reduce potential products of incomplete 
combustion (CO, VOCs, dioxins/furans) from forming (Basire et al., 1997). 
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The poultry litter exhibited an average ash content of 16% on an as-received basis and 
26% on a dry basis, which was broadly similar to ash reported elsewhere. The ash 
levels in poultry litter are significantly higher than other biomass fuels such as willow 
(1.2 wt% dry basis). This is primarily due to poor feed conversion, but a certain degree 
of microbial degradation of the volatile organics in the litter also occurs with 
accumulation, so the ash content of the poultry litter increases with age. The high ash 
content may give rise to operational problems, such as slagging, fouling and corrosion 
(Zevenhoven-Onderwater, 2001). Increased attention to particulate removal may also 
be necessary with high ash-content fuels such as poultry litter. The high ash content 
affects the handling and process costs of the energy conversion, and subsequent 
disposal of the material itself. However, as a combustion by-product, it is more 
concentrated, sterile and easier to handle than the original fuel, thereby its transport 
costs are lower (Cuiping et al., 2004). 
 
The heating value of the poultry litter was determined to be approximately 10 
GJ/tonne. It is expressed as the gross calorific value, also known as the higher heating 
value (HHV), which is the total energy content released when the fuel is burned in air, 
including the latent heat contained in the water vapour and therefore represents the 
maximum amount of energy potentially recoverable from a given biomass source. The 
higher heating value is used throughout this report. In practical terms, the latent heat 
contained in the water vapour cannot be used effectively and therefore, the net calorific 
value or lower heating value (LHV) is the appropriate value to use for the energy 
available for subsequent use. In an actual combustion system, this includes the water 
present in the as-burned fuel and the water produced from the combustion of hydrogen. 
The LHV is calculated from the HHV. Since the latent heat of vaporisation of water at 
7 kPa (the approximate partial pressure of the water vapour in the exhaust) is around 
2,400 kJ/kg, the difference between the higher and lower heating values is 
approximated on a mass basis (Perry and Green, 1997): 
 
( ) ( )292400/ HMHHVkgkJLHV +×−=      
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Where: 
M: As-burned moisture (% wt) of the fuel. 
H2: As-burned hydrogen (% wt) of the fuel. 
 
The ash and moisture content of the poultry litter constituted approximately 60% of the 
total fuel, resulting in the relatively poor heating value of approximately 10 GJ/tonne. 
The reduced heating value produces a lower flame temperature, reducing the 
completeness of combustion and loss in fuel energy from unburned fuel (Mukhtar et 
al., 2002).   
 
The influence of moisture content on the heating value also reflected work conducted 
by Dávalos et al. (2002), who evaluated the heating value of poultry litter relative to 
moisture content. They found that poultry litter had an average moisture content of 
70.4%, with a corresponding heating value of 5.0 GJ/tonne. The poultry litter was 
subsequently dried to approximately 9% moisture content, with a corresponding 
heating value of 14.5 GJ/tonne. As expected, the calorific value varied inversely with 
moisture content and it was found that adequate sample preparation of the poultry litter 
was deemed necessary to increase the suitability of the fuel for electricity generation 
(Dávalos and Roux, 2002).  
 
Similarly, Dagnall (1993) found the heating value for air-dried poultry litter to be 
approximately 13.5 GJ/tonne, but this value varied depending on the moisture content 
of the litter. Poultry litter with a moisture content of 27% had a heating value of 10.7 
GJ/tonne (Patel and McQuigg, 1999), while a sample with a moisture content of 
10.94% had a heating value of 14.26 GJ/tonne (Bock, 2000). Generally 9-10 GJ per 
tonne is a more representative figure, which is approximately one third of the heating 
value of coal.  
 
The poultry producers have an arbitrary (empirical) classification system for the quality 
of the litter. The litter is graded from 0 to 10, 10 being the driest. Three samples with 
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wood shavings as the bedding material, rated 6, 8 and 10, were analysed to validate this 
classification system and the results are given in Table 2.3  on as received and dry 
basis. 
Table  2.3 Proximate Analyses of Poultry Litter – Empirical Classification System. 
  
Poultry Litter 
(6/10) 
Poultry Litter 
(8/10) 
Poultry Litter 
(10/10) 
Proximate Analysis (as 
received basis wt%)       
Moisture (%) 42.68 30.12 20.37 
Volatile Matter (%) 33.92 38.63 46.73 
Fixed Carbon (%) 11.84 12.85 12.92 
Ash (%) 11.56 18.40 19.98 
        
Proximate Analysis (dry basis 
wt%)       
Moisture (%) - - - 
Volatile Matter (%) 59.18 55.28 58.69 
Fixed Carbon (%) 20.65 18.39 16.21 
Ash (%) 20.17 26.33 25.10 
 
As expected the sample with the highest mark had the lowest moisture content, 
however the litter sample rated 6, which would have been considered a sample of 
reasonable quality by the producers, had significant moisture. The classification system 
is subjective and has no scientific basis, but works well on a relative basis and it is 
necessary for the producers, as laboratory characterisation is not an option for the daily 
operation of the farm or thermal unit.  
 
Analyses of poultry litter with both wood shavings and straw as the bedding material 
was carried out and the influence of bedding material on the fuel properties of poultry 
litter was evaluated. The average results obtained from the proximate and ultimate 
analyses of poultry litter with straw and wood shavings as bedding material, the 
bedding materials, poultry feed and peat are presented in Table 2.4. 
 68 
Table 2.4 Proximate and Ultimate Analyses of Poultry Litter, Bedding Material, 
Poultry Feed and Peat. 
  
Poultry 
Litter 
(Straw 
Bedding)
Poultry 
Litter 
(Wood 
Shavings 
Bedding)
Straw 
Bedding 
Wood 
Shavings 
Bedding 
Poultry 
Feed Peat 
Proximate analysis: as 
received basis (wt%)             
Moisture  40.01 39.88 7.98 11.80 - 24.13 
Volatile Matter  35.11 37.05 68.11 71.49 - 50.26 
Fixed Carbon  8.56 8.61 17.50 16.27 - 19.91 
Ash  16.42 16.05 6.41 0.44 - 5.70 
HHV (GJ/tonne) 10.62 10.79 13.50 15.20 - 14.40 
              
Proximate analysis: dry 
basis (wt%)             
Moisture  - - - - - - 
Volatile Matter  58.51 61.62 74.02 81.06 - 66.24 
Fixed Carbon  14.26 14.31 19.02 18.44 - 26.24 
Ash  27.37 26.79 6.96 0.50 - 7.50 
              
Ultimate analysis: dry 
basis (wt%)             
Carbon  40.36 41.20 45.67 50.65 46.40 52.46 
Hydrogen  4.98 4.88 5.82 6.09 6.73 5.29 
Nitrogen 5.41 4.54 0.72 0.07 3.85 2.17 
Oxygen 20.20 22.65 40.07 42.69 36.08 32.58 
Sulphur  0.79 0.42 0.19 0.00 0.41 0.00 
Chlorine  0.89 0.52 0.57 0.00 0.33 0.00 
Ash  27.37 26.79 6.96 0.50 6.20 7.50 
              
Ultimate analysis: dry, 
ash free basis (wt%)             
Carbon  55.50 56.24 49.10 50.90 49.64 56.67 
Hydrogen  6.85 6.66 6.25 6.12 7.20 5.71 
Nitrogen  7.44 6.25 0.77 0.07 4.12 2.34 
Oxygen  27.70 30.90 43.10 42.91 38.47 35.18 
Sulphur  1.08 0.57 0.20 0.00 0.41 0.00 
Chlorine  1.23 0.71 0.61 0.00 0.33 0.00 
Ash  - - - - - - 
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The results presented in Table 2.4 are representative of average conditions, from 
which, high moisture, volatile and ash contents were equally predominant in both litter 
samples, which compares well with literature sources (Table 2.2) where the results 
suggested that the type of bedding used for poultry production has little impact on the 
quality of the litter produced, but as the ratio and type of bedding material employed in 
the other literature sources was not stated it was not possible to draw inferences. 
However, Zhu et al.  (2005) found the influence of bedding material (saw dust) also to 
be negligible on the overall quality of poultry litter. It was difficult to establish the 
influence of bedding material on the overall fuel properties of the project litter, as the 
ratio of manure to bedding was not known due to lack of experimental control and 
quantification by the producers. Full experimental control of production facilities 
would have been required to establish a relationship. The lack of a definitive 
relationship between the poultry litter and the respective bedding materials may be also 
due to the innate variability of poultry litter. Nonetheless, it is clear that the main 
contributor to the high moisture content is the manure rather than the bedding.  
 
The results obtained for the straw and wood shavings compare well with literature 
sources (Cuiping et al., 2004, Hernández-Allica et al., 2001, Strehler, 2000). The 
proximate analyses of the respective bedding materials suggest that wood shavings 
should have a beneficial  contribution to the fuel properties of poultry litter, primarily 
due to the lower ash content and the greater heating value. The wood shavings had an 
ash content of approximately 0.5% (dry basis) and should not significantly increase the 
ash levels already present in the poultry manure. Additionally, the greater surface area 
of the wood shavings should aid in evaporation of the moisture from the litter. The 
primary benefit of wood shavings over straw as bedding material is that typically a 
lower proportion of wood shavings is required and high loading of straw usually 
increases the propensity for caking of litter within the production unit due to the long 
straw fibres. 
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The results obtained for the proximate analysis of peat (Table 2.4) were similar to those 
reported elsewhere, Kouvo et al. (2003) found that peat had a fixed carbon content of 
27.1%, volatile matter of 66.7% and an ash content of 6.3%, on a dry basis (Kouvo and 
Backman, 2003). The peat material used for the tests in INETI, however, had a lower 
moisture content (24.13%), possibly due to the storage of the peat prior to testing. 
Milled peat typically has moisture of 50%, reducing the benefit of using it as an 
auxiliary fuel. The ash content is  variable, ranging from 2-15% (TCD, 1999), which 
could increase the potential for ash agglomeration  arising from the combustion of 
poultry litter alone. The HHV was determined as 14.4 GJ/tonne with a typical HHV for 
peat of 12.8 GJ/tonne (SEI, 2003).  
The results obtained for the ultimate analyses of poultry litter with straw and wood 
shavings as the bedding material, the bedding material, poultry feed and peat are 
presented in Table 2.4 and those for poultry litter from literature sources are presented 
in Table 2.5 . Coal, municipal solid waste and willow are also presented for 
comparison. The poultry litter had a slightly higher carbon content than literature 
values suggesting different bedding material was used for the published work.  
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Table 2.5 Ultimate Analyses Poultry Litter, Coal, MSW and Willow – Published 
Results. 
Ultimate Analysis 
(dry basis wt%) 
Poultry 
Litter1  
Poultry 
Litter2  
Poultry 
Litter3  
Poultry 
Litter4  
UK 
Bituminous 
Coal5 MSW5 Willow6 
Carbon  37.52 29.34 37.46 42.40 - - - 
Hydrogen 5.13 4.16 5.09 5.70 - - - 
Nitrogen  3.71 4.22 3.72 4.90 - - - 
Oxygen  30.74 25.80 30.73 31.00 - - - 
Sulphur  0.50 0.10 0.41 0.60 - - - 
Chlorine  1.06 N/A 0.96 0.50 - - - 
Ash  21.34 36.38 21.63 14.90 - - - 
                
Ultimate Analysis 
(dry, ash free basis 
wt%)               
Carbon  47.65 46.06 47.79 49.82 83.50 52.81 50.84 
Hydrogen 6.52 6.53 6.49 6.70 5.40 7.08 6.08 
Nitrogen  4.71 6.63 4.47 5.76 1.70 1.10 0.51 
Oxygen  39.04 40.50 39.21 36.43 8.40 35.90 42.39 
Sulphur  0.64 0.16 0.52 0.71 1.00 0.60 0.07 
Chlorine  1.35 N/A 1.22 0.59 0.04 1.17 <0.01 
Ash  - - - - - - - 
 
1 (Brown, 2000) 
2 (Zhu and Lee, 2005) 
3 (Bock, 2000) 
4 (TCD, 1999) 
5 (Williams, 1998) 
6 (Miles and Baxter, 1995) 
 
A fundamental difference between biomass fuels and fossil fuels is the higher 
proportion of oxygen and hydrogen, and the reduced amount of carbon in biomass 
fuels. This reduces the energy value of a fuel, due to the lower energy contained in 
carbon-oxygen and carbon-hydrogen bonds, than in carbon-carbon bonds. Coal 
typically has a carbon content of approximately 85%, whereas poultry litter has a 
carbon content of approximately 40% (on a dry basis). The comparison of O:C and 
H:C ratios between biomass and fossil fuels is a useful mean of establishing the quality 
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of the fuel. Poultry litter has an approximate O:C ratio of 0.55 and a H:C ratio of 0.12, 
whereas bituminous coal has an approximate O:C ratio of 0.1 and a H:C ratio of 0.06. 
The lower the respective ratios the greater the energy content of the material 
(McKendry, 2002b). The higher carbon content in wood shavings should improve the 
energy content of poultry litter. Additionally, the greater the amount of hydrogen and 
heteroatoms, particularly oxygen and nitrogen, the greater the volatility; hence poultry 
litter has a greater level of volatile matter than fuels such as coal. The correlation 
between high volatility and high oxygen and hydrogen levels was evident in the poultry 
litter analysed.  
 
Based on the ultimate analysis the theoretical LHV (Lower Heating Value) was 
calculated for poultry litter with wood shavings as the bedding material to be 9.20 
GJ/tonne, based on a HHV of 10.79 GJ/tonne at 39.88% moisture. Similarly, the LHV 
for litter with a HHV of 11.53 GJ/tonne at 34.59% moisture was calculated to be 10.00 
GJ/tonne. The LHV is a better indication of the ‘useful’ heat available from the fuel, as 
heat will be lost in the evaporation of water (Kiely, 1996).  
 
The theoretical higher heating value (HHV) can also be calculated based on the 
elemental composition. The equation used to calculate HHV (GJ/tonne) is: 
 
( ) ( ) ( ) ( ) ( ) ( )ANOSHCHHV ×−×−×−×+×+×= 0211.00151.01034.01005.01783.13491.0
 
C, H, S, O, N and A represents carbon, hydrogen, sulphur, oxygen, nitrogen and ash 
contents of the fuel respectively, expressed in mass percentages on an as-received basis 
(Parikh et al., 2005). Based on a moisture content of 39.88% the theoretical HHV was 
calculated to be 10.31 GJ/tonne, which does not differ significantly from 
experimentally determined data (10.79 GJ/tonne) and could therefore be used as a time 
saving measure to determine the heating value of the fuel. 
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The main technical challenges in the utilisation of poultry litter as a fuel are based upon 
the results of the ultimate analysis, specifically the significant levels of nitrogen and 
chlorine, which are significantly higher than fossil fuels or woody biomass. 
 
As expected the main source of nitrogen, chlorine and sulphur in the poultry litter was 
from the manure (excreta) (Table 2.4), Negligible chlorine sulphur and nitrogen were 
observed for the  wood shavings.  For wood, the majority of nutrients are bound in the 
active parts of the tree (needles and bark), which make a rather small proportion of the 
wood shavings and the amount of nutrients, such as nitrogen, are low or nonexistent in 
woody biomass. (Lehtikangas, 2001). Straw tends to have a higher proportion of 
nitrogen, sulphur and chlorine, as these elements are concentrated in herbaceous plants 
during active growth. The impact of bedding material on the overall ultimate analysis 
of poultry litter was evident from the results, as poultry litter with wood shavings as 
bedding material resulted in lower nitrogen, chlorine and sulphur than the poultry litter 
with straw as bedding material. Therefore, the wood shavings had a beneficial impact 
on the overall quality of poultry litter as a fuel. 
 
Poultry litter had a higher quantity of nitrogen present (~5%) relative to coal and other 
biomass fuels (Winter et al., 1999).  The nitrogen content is potentially significant in 
relation to the formation of fuel-NOx, as fuel-bound nitrogen readily converts to 
nitrogen oxides, such as NO (nitric oxide) and N2O (nitrous oxide). The corresponding 
low heating value of poultry litter increases the potential for NOx formation, as an 
increased fuel input would be required to achieve a similar thermal output, of coal for 
instance, thereby resulting in a higher throughput of nitrogen. The formation of fuel-
NOx is also dependent on local combustion conditions, such as oxygen concentration 
and mixing patterns (Cooper and Alley, 1994).  
 
The chlorine content in poultry litter was found to be  similar to that of municipal solid 
waste (Table 2.5). A chlorine content in excess of 0.3% of the fuel can cause serious 
corrosion or fouling problems due to the formation of alkali salts (Hwang and Matsuto, 
2006). Chlorine also has implications for the formation of hydrogen chloride, which 
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condenses to form hydrochloric acid resulting in corrosion, which may require the use 
of acid gas emissions control such as a wet or dry scrubber. More significantly, 
chlorine gas and to a lesser extent HCl are implicated in the formation of 
polychlorinated dibenzo-ρ-dioxins (PCDD) or dioxins and the closely related 
polychlorinated dibenzofurans (PCDF) or furans (Ma et al., 2002).  
 
It is generally accepted that three primary mechanisms lead to the formation of 
dioxins/furans in combustors: (1) homogenous gas-phase reactions involving 
chlorinated organic precursors such as chlorobenzenes and chlorophenols; (2) 
heterogeneous reactions between chlorinated organic precursor compounds and fly ash-
based metallic catalysts such as copper; and (3) de novo synthesis involving fly ash 
containing residual carbon in the post combustion zone, e.g. dust collectors, at 
temperatures in the region of 300 to 400oC in the presence of flue gases containing 
HCl, O2 and metallic catalysts (Lavric et al., 2005). The complexity of the reactions 
leading to dioxins/furans and the multiplicity of factors determining their formation has 
made it difficult to determine causal relationship between emissions and fuel input 
parameters; variability in parameters such as combustor design and operating 
conditions generally have a greater influence on emissions than fuel chlorine content 
(Sarofim and Martin, 1997). However, the key factor is that chlorine is an integral 
molecule for dioxin/furan formation.  
 
The relatively low sulphur content in poultry litter is advantageous relative to coal 
where sulphur generally ranges between 0.8 and 2.5% (Culp, 1991), but can be as high 
as 6% (Suksankraisorn et al., 2003). Sulphur forms gaseous compounds such as SO2 
during the combustion process, which is the principal pollutant with acid deposition.   
 
The peat was analysed to assess its potential as an auxiliary fuel. Approximately 2% 
nitrogen was detected in the peat, which is slightly higher than published data, as 
Skrifvars et al. (2004) detected 1.4% (db) nitrogen, Cummins et al. (2006) found 
1.45% (db) nitrogen in peat and Kouvo et al. (2003) detected 1.7%. The level of 
nitrogen in peat is greater than biomass fuels such as willow (0.3 %) (Cuiping et al., 
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2004). The presence of high nitrogen levels in peat could contribute to the formation of 
fuel-NOx, if co-combusted with poultry litter. The peat analysed had no chlorine or 
sulphur present, which would be advantageous during co-combustion. Typical values 
of chlorine in peat range from 0.01 to 0.15% (db), which should not result in corrosive 
deposit formation. However, typical values for sulphur range from 0.05 to 1.0% (db), 
which could increase the propensity for SO2 formation (Cummins et al., 2005, Kouvo 
and Backman, 2003, Winter et al., 1999).  
 
 2.2.2   Theoretical Air-Fuel Ratio 
The elemental composition of a fuel provides valuable information for the 
determination of the theoretical (stoichiometric) air-fuel ratio for complete combustion. 
The theoretical oxygen/air is the net amount of oxygen/air required just sufficient to 
burn (oxidise) the net carbon, hydrogen and sulphur to carbon dioxide, water vapour 
and sulphur dioxide. Oxygen for combustion is supplied from combustion air and 
oxygen in the fuel itself (Francis and Peters, 1980).  
 
The theoretical, gravimetric (mass), air-to-fuel ratio (A/F)T is generally calculated from 
as-burned mass fractions, using the following equation (Culp, 1991): 
 
232.0
998.094.766.2 22 OSHC
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A
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⎞⎜⎝
⎛  
 
The theoretical air-to-fuel ratio for poultry litter with wood shavings as the bedding 
material on an as-received basis was calculated as 3.3 kg of air per kg of fuel. Gray et 
al. (1999) found that approximately 3.2 to 4.1 kg of air is generally required for the 
stoichiometric combustion of poultry litter. However, since perfect mixing is never 
attained in the actual combustion process, good combustion can only be assured by 
supplying excess air for the process. However, excess air increases NOx emissions and 
carries away useful heat from the furnace reducing efficiency of the process 
proportionally. The products of combustion using theoretical air were also calculated 
(Table 2.6).  
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Table 2.6 Products of Combustion using Theoretical Air-Fuel Ratio. 
Products of 
Combustion 
Concentration (kg per 
kg of Poultry Litter)  
Concentration (kg per 150 
tonnes of Poultry Litter)  
CO2 0.910 136,500 
H20 0.660 99,000 
SO2 0.005 750 
 
The products of combustion are presented as kg of product per kg of fuel combusted 
and on the basis of 150 tonnes of poultry litter combusted per annum. The water 
vapour produced is calculated from the inherent hydrogen present in the fuel and the 
moisture present in the fuel. The results show that potentially insignificant quantities of 
CO2 and water vapour could be produced from the combustion of poultry litter. The 
combustion of poultry litter theoretically produces substantially less CO2 than coal 
combustion, for instance the combustion of 150 tonnes of coal generates 450,000 kg of 
CO2. Furthermore, the CO2 produced is classified as carbon neutral.  
 
The theoretical percentage of CO2 in dry flue gases was calculated to be 18.7% (v/v), 
indicating that a relatively low level of excess air would be required, reducing possible 
heat loss from the system. This value, however, would depend on achieving perfect 
mixing with slightly more than the stoichiometric quantity of air within the combustion 
chamber.  
 
2.2.3    Ammonia and pH 
Other parameters such as ammonia and pH are significant in relation to the storage and 
combustion of the poultry litter, which is generally alkaline in nature as a consequence 
of high levels of calcium in the feed (~20g/kg). The typical pH of as-received poultry 
litter was approximately 9, while the pH of wood shavings was found to be 6.84, which 
is neutral and should not contribute to the pH of poultry litter. The average ammonia 
level in the litter was found to be 7,141 mg/kg, however this may vary. The presence of 
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ammonia favours the formation of nitric oxide (NO) (Wargadalam et al., 2001), as well 
as having a corrosive effect on the furnace structure. 
 
The pH generally determines the state ammonia exists in, either in the ionised form 
(NH4+) or neutral form (NH3). Poultry litter typically contains 4 to 6% nitrogen, the 
majority of which is converted to either to ammonia (NH3) or ammonium (NH4+) (Carr 
et al., 1990). The ammonia is formed from the nitrification process, which involves the 
break down of uric acid by certain microorganisms. During this process, nitrifying 
bacteria lower the pH of the medium due to the liberation of hydrogen ions (Sáchez-
Monedero and Roig, 2001). The pH may also decrease due to the production of organic 
acids by microorganisms (Guerra-Rodríguez and Diaz-Raviña, 2001).  
 
The relationship between pH, ammonia and ammonium is presented in Figure 2.1.  
 
Figure 2.1 Relationship between pH and Ammoniacal Nitrogen (Sawyer and 
McCarty, 1978). 
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2.2.4     Ash Fusion Point 
The ash fusion point of poultry litter ash was measured by differential thermal 
analysis/thermal gravimetric analysis (DTA/TGA). It was found to be 658.9oC, as 
shown in the thermograph (Figure 2.2). This temperature is relatively low and 
indicative of potential operational problems due to ash agglomeration.  
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Figure 2.2 Thermograph of Poultry Litter Ash. 
 
2.2.5     Particle Size Distribution 
As fluidised bed combustion technology was the selected technology, uniformity of 
fuel particle size is an important parameter. The fuel particle size impacts on 
fluidisation properties and agglomeration formation.  
 
The particle size distribution of poultry litter with straw and wood shavings as bedding 
material are presented in Figures 2.3 and 2.4  respectively.  
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Figure 2.3 Particle Size Distribution of Poultry Litter with Straw as Bedding 
Material. 
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Figure 2.4 Particle Size Distribution of Poultry Litter with Wood Shavings as 
Bedding Material. 
The average particle size of poultry litter with wood shavings was 4.48 mm and for 
poultry litter with straw it was 6.64 mm. A narrower size distribution was observed for 
poultry litter with straw, with less than 10% of particles under 2 mm. The size 
distribution of the poultry litter with wood shavings was more evenly distributed with 
greater than 30% less than 2 mm.  
 
The poultry litter with straw as bedding material resulted in a greater proportion of 
larger particles, whereas wood shavings demonstrated a slightly greater proportion of 
fines, which could possible bypass the combustion system and be emitted in the flue 
gas, however a low fluidising velocity should minimise this. Additionally, the lower 
proportion of large particles with the wood shavings as bedding material would allow 
for easier movement of the fuel through the feeding system.  
 
Size uniformity is essential for even fuel distribution in a fluidised bed, as variations 
can lead to rapid burnout. Fuel size also affects the operation and emissions of fluidised 
beds, and fuel entry must be designed to develop a uniform plume of fuel within the 
bed. Over feeding into poorly mixed areas can lead to operational problems, blocking 
flow and causing imbalance in combustion, and excess emissions such as carbon 
monoxide. A high percentage of fines can result in higher unburned carbon and 
emissions of particulate matter. Additionally, in storage, fines absorb moisture due to 
their high specific surface area.  
 
Poultry litter varies from wet compacted manure to dry and dusty powder, therefore 
processing to some extent is necessary to achieve the appropriate moisture content and 
particle size. Fuel receiving and handling, however, can be a major source of fugitive 
emissions from poultry litter. To minimise this, Gray et al. (1999) suggests that litter 
should be received and fired in as coarse and unprocessed a form as possible with a 
minimum of fuel handling. The key is to find a balance between efficiently processing 
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the litter to produce a uniform particle size with minimum effort and contact to reduce 
the possibility of exposure to contaminants.  
 
The bulk density of poultry litter with wood shavings as bedding material was found to 
be 0.673 tonne per m3 at 50% moisture, which is relatively low compared to coal (0.9 
tonne per m3). An SEI report on dry agri-residues reported poultry litter to have a bulk 
density of 0.4 tonne per m3 at 35% moisture (SEI, 2003). The low bulk density results 
in low energy density and impacts on the economics of the transportation of the 
material to a centralised treatment facility. 
 
 2.3          Conclusion 
 
• Poultry litter is characterised by high moisture, ash and volatile content and a 
relatively low fixed carbon content. 
• The high moisture and ash content impact negatively on the heating value of the 
fuel, which was determined to be approximately 10 GJ/tonne. The low heating 
value can result in ignition and combustion problems. 
• The type of bedding material, i.e. straw or wood shavings, used for poultry 
production did not significantly impact on the fuel properties of the litter. The 
wood shavings, however, were selected as the favoured bed material due to 
higher carbon content, higher heating value and lower ash content. 
• The elemental characterisation of poultry litter identified the potential for the 
generation of pollutants such as NOx, HCl and dioxin/furan formation, due to 
significant levels of nitrogen and chlorine. 
• The high ash content of the fuel, also increases the potential for particulate 
emissions. 
• The ash fusion point was approximately 660oC, which suggests that ash related 
problems such as agglomeration may be a problem. 
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3.1 Background 
An air quality modelling analysis was conducted to examine the environmental 
impact of combusting poultry litter with peat at Jack O’Connor’s farm in Co. 
Limerick. The study looked at the combustion of 100% litter and a 50/50 
mixture of chicken litter and peat. The aim was to compare the emission levels 
resulting from combusting the chicken litter with assessment criteria set down 
in national and international law. The modelling assessment is based on: 
• Definition of operating regime of the combustion unit and the identification 
of the key atmospheric pollutants during proposed operations. 
• Prediction of the incremental effect on ground level pollutant concentrations 
due to emissions to the atmosphere from the proposed facility. 
 
 
3.2 Dispersion Modelling 
 
3.2.1 Introduction 
The lowest region of the atmosphere is called the troposphere, which has a 
depth of about 10-12 km. The atmospheric boundary layer, extending about 2.5 
km from the surface, is the region within the troposphere that is affected by the 
earth’s surface (e.g. roughness, temperature changes). This layer is the area 
within which dispersion of pollutants occurs and the stability of the boundary 
layer will greatly influence the dispersion of any plume within it. 
 
 
Plume dispersion modelling 
 
 
3 
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The state of the boundary layer (amount of turbulence, meteorological 
conditions) will influence the dispersion of the plume within it. The ground 
level concentration of a pollutant can change from very low to very high as the 
state of the boundary layer changes from hour to hour. The state of the 
boundary layer is called the layer stability. 
There are a number of commercially available dispersion models that are able 
to predict ground level concentrations arising from emissions to atmosphere 
from elevated point sources such as power stations. In this study the Cambridge 
Environmental Research Consultants (CERC) Atmospheric Dispersion 
Modelling System (ADMS) version 3 was used. 
  
3.2.2 ADMS 
 
ADMS is one of a new generation of dispersion models that accounts for the 
skewed nature of turbulence with the atmospheric boundary layer. The model is 
sophisticated in its approach to the effects of building down wash and can 
consider these effects together. The model has been extensively validated 
against field data sets (ADMS, 1999) and has been used by MAFF, the EA in 
England and Wales, the Scottish Environmental Protection Agency (SEPA), the 
Environment and Heritage Service in Northern Ireland, and the U.K. Health and 
Safety Executive. 
 
ADMS utilises a range of meteorological conditions, which can be combined to 
represent different atmospheric stabilities. The most important parameters in 
the ADMS approach are the Monin-Obukhov length Lmo (which, together with 
the wind speed, describes the stability of the atmosphere) and the boundary 
layer height, h.  
 
The ADMS-3 model contains a number of input palettes. These include a 
source palette where the dimensions of the combustion facility are included in 
addition the stack height, diameter and flow rate of emissions from the stack. 
The surrounding buildings may affect the plume and therefore the height, width 
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and length of each building are entered in the buildings palette (Fig. 3.1). The 
pollutants with their respective emission rates are included here also. A terrain 
file is required in order to analyse the effect (if any) the terrain will have on 
plume dispersion (Fig. 3.2). A meteorological data file is included with hourly 
readings for wind speed, wind direction, temperature, rainfall and cloud cover. 
 
The user may specify the output from the model. In this report the outputs 
required vary depending on the pollutant being analysed but generally the 
annual average, hourly average and 99.9th percentile will portray useful 
information that can be compared to national and international standards. The 
ground level concentration of the pollutant is plotted and this can then be 
overlapped on a map of the area.  
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Figure 3.1: Buildings layout at designated poultry farm at Raheenagh Co. 
Limerick 
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Figure 3.2: Terrain surrounding Raheenagh. The stack is shown with a red 
cross. 
 
 
3.3 Factors affecting dispersion 
There are a number of factors, which affect how emissions will disperse, once 
released to the atmosphere. The four factors, which can have the greatest effect 
on dispersion, are: 
1. Climate 
2. Terrain 
3. Surface roughness 
4. Building downwash 
 
3.3.1 Climate 
The most important meteorological parameters governing the atmospheric 
dispersion of pollutants are wind direction, wind speed and atmospheric 
stability. 
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• Wind direction determines the sector of the compass into which the plume is 
dispersed. 
 
• Wind speed affects the distance which the plume travels over time and can 
affect plume dispersion by increasing the initial dilution of pollutants and 
inhibiting plume rise. 
 
• Atmospheric stability is a measure of the turbulence of the air, and particularly 
of its vertical motion. It therefore affects the spread of the plume as it travels 
away from the source. 
 
3.3.2 Terrain 
The presence of elevated terrain can significantly affect (usually increase) 
ground level concentrations of pollutants emitted from elevated sources, such as 
stacks, by reducing the distance between the plume centreline and the ground 
level and increasing turbulence and hence, plume mixing. Under some 
atmospheric conditions the effects of terrain are likely to be significant. 
 
In Ireland, Digital Terrain Maps (DTM) are available for most parts of the 
country from Ordnance Survey Ireland (OSI) in tiles of 20 km × 20 km. To 
focus in on a particular point source and the surrounding area (say 2.5 square 
kilometres) a C++ programme was developed to cut the tile down to focus on 
the area of interest and convert it to a format compatible with ADMS-3. In 
some instances the DTM was not available for the given location, in which case 
a contour tile (DXF) was supplied by OSI. A C++ programme was developed to 
convert this file into a format compatible with ADMS. 
 
3.3.3 Surface Roughness 
The roughness of the terrain over which a plume passes can have a significant 
effect on dispersion by altering the velocity profile with height and the degree 
of atmospheric turbulence. This is accounted for by a parameter called the 
surface roughness length. The surface roughness can range from 1.5 m for large 
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urban areas to 0.005 m for short grass. To account for the rural nature of the 
surface around the site a surface roughness of 0.3 m (agricultural terrain) has 
been assumed in the dispersion modelling.  
 
3.3.4 Building Downwash 
The movement of air over and around the buildings generates areas of flow re-
circulation, which can lead to increased ground level concentrations in the 
building wakes. Where building heights are greater than one third of the stack 
height, down wash effects can be significant.  
 
3.4 Sources of Information 
For the purposes of carrying out this assessment, information was obtained 
from the following sources: 
1. The current research project measured emission characteristics from 
research trials carried out in INETI Portugal. These results provided emission 
data for the proposed unit. 
2. Meteorological data was obtained from the Meteorological Office. 
3. Mapping and digital terrain data were obtained from Ordnance Survey 
Ireland. 
4. Buildings and site specific data was obtained from the owner of the 
farm. 
 
3.5 The Dispersion Model 
3.5.1 Proposed Operation 
For the purpose of this plume dispersion model, the operation of the 
combustion unit is proposed at Raheenagh Co. Limerick. A building file (Fig. 
3.1) was created to incorporate the effect of buildings on the dispersion of the 
waste gases. The proposed building to house the combustion unit is 7 metre 
high. In this report two scenarios are presented; 
  
1. exhaust gases are discharging through a 5 m stack with a 210 mm diameter 
2. exhaust gases are discharging through a 100 m line source.  
 93 
 
Typical waste gas flowrates and temperatures for the unit were obtained from 
INETI (E.mail Communication, 2000). The model input parameters for the 
plant operations are listed in Table 3.1 
 
Table 3.1: Plant specific model input parameters, Scenario 1 
Input parameter value 
Number of stacks 1 
Grid Reference (m) 
         Raheenagh 
 
129634, 124970 
Stack Height (m) 5 
Stack Diameter (mm) 210 
Normal volumetric flow 
(m3/s)  
0.0347 
Exhaust gas Temperature 
(°C) 
50.66 
 
 
3.6 Emissions 
The plant will be operated on chicken litter alone or a mixture of chicken litter 
and milled peat. The significant atmospheric pollutants considered in this 
assessment are as follows: 
 
• Nitrogen oxide (NOx) 
• Carbon monoxide (CO) 
• Sulphur dioxide (SO2) 
 
Based on research carried out in Portugal emission rates for the unit were 
calculated. These values are given in Table 3.2. The maximum emissions were 
taken and input into the model in both scenarios. 
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 Table 3.2: Emission rates used in the dispersion model 
 
 
 
 
 
 
3.7 Raheenagh 
The buildings on the site are relatively small. The maximum building height of 
the broiler house where the emission stack will be placed is 7 m. The layout of 
the buildings including the main boiler building is given in Fig. 3.1 while the 
details of the buildings are in Table 3.3. The proposed stack is marked with a 
cross. Local residential development around the facility is low in population 
density and rural in nature. As can be seen from Fig. 3.2 the surrounding terrain 
is relatively flat and hence will have little effect on the dispersion of the plume. 
 
Table 3.3: Buildings and the dimensions used 
Building X(m) Y(m) Height(m) Length(m) Width(m)
Broiler House 129615 125012 5 100 16 
Dwelling House 1 129516 124957 6 17 10 
Old Shed 129526 124989 3.5 20 11 
Dwelling House 2 129546 125018 6 14 7 
Dwelling House 3 129746 125107 7 19 10 
Dwelling House 4 129761 125125 6.5 19 12 
Dwelling House 5 129789 125206 7 20 12 
 
The most representative meteorological office observing station for the region 
is the Shannon meteorological station (Meteorological office, Oral 
communication). Two years of hourly sequential data (1999, 2000) has been 
used as input data for the dispersion modelling. The wind rose for the area is 
shown below in Figures 4 & 5. It is clear that the prevailing wind comes from 
the south-west of the country and this will have the general effect of pushing 
the plume in a north east direction.  
 
NOx g/s SO2 g/s COg/s 
mean 0.0018518 0.0054117  0.144242356
max 0.0033924 0.0092035  0.224701625
min 0.0012731 0.0024027  0.053815709
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Figure 3.3: Buildings with respect to stack and terrain 
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Figure 3.4: The 1999 windrose for Shannon 
 
 
Figure 3.5: The 2000 windrose for Shannon 
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3.8 Results  
The maximum predicted ground level concentrations for the set of emissions 
data suggests that the environmental impact of the proposed unit is far less than 
the limits and guidelines set by air quality standards. The predicted 
concentration levels are presented in tables below in conjunction with air 
quality standards where relevant. Concentrations of NOx and CO were less than 
27% of legislative and guideline thresholds while SO2 was nearer the threshold, 
but still did not exceed it. The levels for ground level concentrations were less 
for the line source that the point source. This is to be expected as over the line 
source the pollutant is emitted over a 100 m distance. As can be seen from 
Figure 3.6 the dispersion is very localised. 
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Table 3.4: Predicted ground level concentrations of pollutants compared 
with relevant limit and guideline values: Scenario 1. 
 
Pollutant Prediction type Max. Conc. Recommended level % of 
  [μg/m3] [μg/m3] Source1 limit 
      
NOx Annual average 3.15 30 WHO 10.5 
NOx Hourly average 
(100th %ile) 
74.9 - - -
NOx Hourly average 
(99.9th %ile) 
61.2 - - -
NOx Hourly average (98th 
%ile) 
38.3 - - -
      
CO Annual average 208 - - -
CO Hourly average 
(100th %ile) 
496
0 
30,000 WHO 16.5 
CO 8 Hourly average 
(100th %ile) 
271
0 
10,000 WHO 27.1 
      
SO2 Annual average 8.54 40-60 EU guide 21-14 
SO2 Hourly average 
(100th %ile) 
203 350 WHO 58 
SO2 Hourly average 
(99.9th %ile) 
166 186 NAQS 89 
SO2 Hourly average (98th 
%ile) 
152 350 EU limit 43 
1 Air quality standards referenced in this report: 
− 80/779/EC – Council Directive of 15 July 1980 on air quality limit values and 
guide values for sulphur dioxide and suspended particulates. 
− 85/203/EC – Council Directive of 7 March 1985 on air quality standards of 
nitrogen dioxide. 
− World Health Organisation (WHO), 1995 - Update and revision of Air quality 
of Air Quality standards for Europe. 
− World Health Organisation (WHO), 1997, Nitrogen Oxides 2nd edition, 
Environmental Health Criteria 188, WHO, Geneva, Switzerland. 
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Table 3.5: Predicted ground level concentrations of pollutants compared 
with relevant limit and guideline values: Scenario 2 
Pollutant Prediction type Max. Conc. Recommended level % of 
  [μg/m3] [μg/m3] Source1 limit 
      
NOx Annual average 1.56 30 WHO 5.2 
NOx Hourly average 
(100th %ile) 
34.7 - - - 
NOx Hourly average 
(99.9th %ile) 
33.4 - - - 
NOx Hourly average (98th 
%ile) 
6.99 - - - 
      
CO Annual average 208 - - - 
CO Hourly average 
(100th %ile) 
230
0 
30,000 WHO 7.6 
CO 8 Hourly average 
(100th %ile) 
127
0 
10,000 WHO 12.7 
      
SO2 Annual average 4.22 40-60 EU guide 10-7 
SO2 Hourly average 
(100th %ile) 
94.2 350 WHO 27 
SO2 Hourly average 
(99.9th %ile) 
90.7 186 NAQS 8 
SO2 Hourly average (98th 
%ile) 
10 350 EU limit 2.8 
1 Air quality standards referenced in this report: 
− 80/779/EC – Council Directive of 15 July 1980 on air quality limit values and 
guide values for sulphur dioxide and suspended particulates. 
− 85/203/EC – Council Directive of 7 March 1985 on air quality standards of 
nitrogen dioxide. 
− World Health Organisation (WHO), 1995 - Update and revision of Air quality 
of Air Quality standards for Europe. 
− World Health Organisation (WHO), 1997, Nitrogen Oxides 2nd edition, 
Environmental Health Criteria 188, WHO, Geneva, Switzerland. 
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Figure 3.6: Hourly average for NOx ground level concentration (µg/m3) 
at Raheenagh for 100% chicken litter combustion: Scenario 1 
 
 
Figure 3.7: Hourly average for NOx ground level concentration (µg/m3) 
at Raheenagh for 100% chicken litter combustion: Scenario 1 
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Figure 3.8: Hourly average for SO2 ground level concentration (µg/m3) 
at Raheenagh for 100% chicken litter combustion: Scenario 1 
 
 
 
Figure 3.9: Hourly average for CO ground level concentration (µg/m3) 
at Raheenagh for 100% chicken litter combustion: Scenario 1 
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50/50 mixture of chicken litter and peat 
 
The following results relate to two model runs which represent the 
combustion of a 50/50 mixture of chicken litter and peat.  
 
Model 1 
Model 1 uses met data from Shannon (year 2000) and the maximum 
emissions as detailed in Table 3.6. By using the maximum emissions for the 
models the generated plume can be considered representative of the 
maximum dispersion. The plant specific data used in both models is detailed 
in Table 3.6. The emissions used in the models specific to the 50/50 burn 
are detailed in Table 3.7. 
 
Table 3.6: Plant specific model input parameters, Scenario 1 
 
Input parameter Value 
Number of stacks 1 
Grid Reference (m) 
         Raheenagh 
 
129634, 124970 
Stack Height (m) 12 
Stack Diameter (mm) 210 
Normal volumetric flow 
(m3/s)  
0.0347 
Exhaust gas Temperature 
(°C) 
50.66 
 
Table 3.7: Emission rates used in the dispersion model 
 
 
 
 
 
 
 NOx g/s SO2 g/s CO g/s 
mean 0.00072 0.01173 0.12601 
max 0.00133 0.01255 0.19661 
min 0.00032 0.01041 0.06556 
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Table 3.8: Predicted ground level concentrations of pollutants 
compared with relevant limit and guideline values. 
 
Pollutant Prediction type Max. 
Conc. 
Recommended level % of 
  [μg/m3] [μg/m3] Source1 limit 
NOx Annual average 0.0353 30 WHO 0.12 
NOx Hourly average (100th %ile) 13.941 - - - 
NOx Hourly average (99.9th %ile) 3.2537 - - - 
NOx Hourly average (98th %ile) 0.49485 - - - 
      
CO Annual average 5.21 - - - 
CO Hourly average (100th %ile) 2060.9 30,000 WHO 6.86 
CO 8 Hourly average (100th 
%ile) 
196.84 10,000 WHO 1.97 
      
SO2 Annual average 0.333 40-60 EU guide 0.8-0.55
SO2 Hourly average (100th %ile) 131.55 350 WHO 37.6 
SO2 Hourly average (99.9th %ile) 30.70 186 NAQS 16.50 
SO2 Hourly average (98th %ile) 10.52 350 EU limit 3.00 
1 Air quality standards referenced in this report: 
− 80/779/EC – Council Directive of 15 July 1980 on air quality limit values 
and guide values for sulphur dioxide and suspended particulates. 
− 85/203/EC – Council Directive of 7 March 1985 on air quality standards of 
nitrogen dioxide. 
− World Health Organisation (WHO), 1995 - Update and revision of Air 
quality of Air Quality standards for Europe. 
− World Health Organisation (WHO), 1997, Nitrogen Oxides 2nd edition, 
Environmental Health Criteria 188, WHO, Geneva, Switzerland. 
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Figure 3.10:  Annual average for NOx ground level concentration 
(µg/m3) at Raheenagh for 50/50 chicken litter and peat combustion 
(Model 1). 
 
 
 
Figure 3.11: Annual average for SO2 ground level concentration (µg/m3) 
at Raheenagh for 50/50 chicken litter and peat combustion (Model 1). 
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Figure 3.12:  Annual average for CO ground level concentration 
(µg/m3) at Raheenagh for 50/50 chicken litter and peat combustion 
(Model 1). 
 
 
Model 2 
Model 2 uses met data from Shannon (year 1999) and the maximum 
emissions as detailed in Table 3.1.  
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Table 3.9: Predicted ground level concentrations of pollutants compared with 
relevant limit and guideline values. 
Pollutant Prediction type Max. 
Conc. 
Recommended 
level 
% of 
  [μg/m3] [μg/m3] Source1 limit 
NOx Annual average 0.04309           30 WHO 0.12 
NOx Hourly average (100th %ile) 3.6158 - - - 
NOx Hourly average (99.9th %ile) 3.3387 - - - 
NOx Hourly average (98th %ile) 0.64111 - - - 
      
CO Annual average 6.3699 - - - 
CO Hourly average (100th %ile) 534.52 30,000 WHO 1.78 
CO 8 Hourly average (100th 
%ile) 
349.26 10,000 WHO 3.49 
      
SO2 Annual average 0.4066 40-60 EU guide 1.0-0.67
SO2 Hourly average (100th %ile) 34.119 350 WHO 9.75 
SO2 Hourly average (99.9th %ile) 31.504 186 NAQS 16.94 
SO2 Hourly average (98th %ile) 11.42 350 EU limit 3.26 
1 Air quality standards referenced in this report: 
− 80/779/EC – Council Directive of 15 July 1980 on air quality limit values and guide 
values for sulphur dioxide and suspended particulates. 
− 85/203/EC – Council Directive of 7 March 1985 on air quality standards of nitrogen 
dioxide. 
− World Health Organisation (WHO), 1995 - Update and revision of Air quality of 
Air Quality standards for Europe. 
World Health Organisation (WHO), 1997, Nitrogen Oxides 2nd edition,  
Environmental Health Criteria 188, WHO, Geneva, Switzerland.  
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Figure 3.13: Annual average for NOx ground level concentration (µg/m3) at 
Raheenagh for 50/50 chicken litter and peat combustion (Model 2). 
 
 
 
Figure 3.14:  Annual average for SO2 ground level concentration (µg/m3) at 
Raheenagh for 50/50 chicken litter and peat combustion (Model 2). 
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Figure 3.15: Annual average for CO ground level concentration (µg/m3) at 
Raheenagh for 50/50 chicken litter and peat combustion (Model 2). 
 
 
3.9 Conclusions 
As the emission tables show the emissions resulting from the combustion of chicken 
litter on its own or with peat remain well below the emission limits. While there is a 
small difference between the emission levels for the two model runs, they are both 
well below the limits set down in legislation. 
The maximum predicted ground level concentrations for the set of emissions data 
suggests that the environmental impact of the proposed unit is far less than the 
limits and guidelines set by air quality standards. Concentrations of NOx and CO 
were less than 27% of legislative and guideline thresholds while SO2 was nearer the 
threshold, but still did not exceed it. The levels for ground level concentrations were 
less for the line source that the point source. This is to be expected as over the line 
source the pollutant is emitted over a 100 m distance.  
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Design, Commissioning and Operation of Fluidised Bed Combustor 
 
 
 
4.1 Introduction 
For a small scale, on-farm litter to energy system to be viable, certain criteria must be 
achieved. Primarily, the system must be technically reliable and sufficiently robust to 
withstand the conditions encountered on a poultry farm, such as minimal labour available 
for operation and maintenance. It is essential that the system is ‘user friendly’ and the 
system must be economically feasible from the poultry producer’s perspective, with a 5 to 6 
year payback being an acceptable rate (Wimberly, 2002). 
 
The feasibility of the use of poultry litter as a fuel was established via the research 
conducted in Portugal and based on these preliminary studies a fluidised bed combustion 
system was designed. The objective of this phase of the program was to commission and 
test the fluidised bed with ancillary equipment and instrumentation and to optimise its use, 
primarily as a direct contributor to heating the production shed and as an aid in drying of 
stored litter. 
 
This chapter outlines the general operation of the combustion unit and operational 
difficulties encountered, such as ash agglomeration and final ash disposal. 
 
4.2  Design, Commissioning and Operation of the FBC 
The fluidised bed combustor was designed by INETI to have a thermal output of 140 kWth. 
It was constructed in Portugal and shipped for assembly at the designated site. 
 
Due to the experimental nature of the program a number of problems were encountered 
with the initial operation of the combustion unit on-site, consequently several process 
alterations and modifications were necessary. 
Commissioning and Operation  
of the Fluidised Bed Combust r  
 
4 
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The most significant modification was the relocation of the combustion unit during the 
course of the project. The combustion system was initially positioned adjacent to the 
poultry production shed as it was intended to direct the hot gases from the cyclone into the 
production shed for spatial heating. The choice of the heat recovery method was changed to 
indirect heating and the bed was relocated to a poultry litter storage shed where the hot 
gases could be used for the drying of stored poultry litter.
 
4.3   Fluidised Bed Combustion Unit 
The original fluidised bed unit was commissioned in November 2002. It consisted of the 
basic skeleton of the unit without ancillary equipment and instrumentation, as presented in 
Figure 4.1.   
 
Figure 4.1 Schematic of General Outlay of FBC and Cyclone. 
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The components of the FBC system were: 
(1) Primary air fan and secondary air fan. 
(2) Wind box. 
(3) Air distributor. 
(4) Combustion chamber. 
(5) Thermocouples. 
(6) Pressure control. 
(7) Start-up unit for ignition. 
(8) Ash extraction system. 
(9) Daily fuel storage hopper and fuel feeding system. 
(10) Combustion gas exit and the cyclone system for particulate removal. 
(11) Heat exchanger. 
(12) Simplified control system for automatic operation of the furnace. 
 
 
4.3.1  Primary Air Fan and Secondary Air Fan 
 
The function of the primary air fan is to supply the fluidising air at the required velocities. 
The amount of air supplied is directly proportional to the amount of fuel used and the 
control of air-to-fuel ratio is essential to ensure the efficient combustion of the fuel. As it is 
impossible to combust a fuel with the exact theoretical oxygen required to ensure complete 
combustion, excess air is provided. As a FBC is based on the fluidisation of inert sand 
particles, sufficient air velocity control is intrinsic for optimum operation of the system 
(Fay and Golomb, 2002). The fan provided had a 7.5 kW motor (10 horse power) [2,890 
rpm, 380 V, 14.5 A] (Figure 5.2). 
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Figure 4.2 Original Primary Air Fan (5.5 kW). 
The fan was intended to provide both the primary and the secondary air. The air was 
delivered via two pipes; the primary air entered a pipe with a diameter of 43 mm and the 
secondary air entered a pipe of 57 mm, as illustrated in Figure 4.1. The discharge of the air 
was controlled via butterfly valves. However, there was no means of monitoring the air 
velocity or total air input.  
 
The fan was significantly oversized for the system and it resulted in a surplus of air entering 
the combustion chamber, with a consequential cooling effect and excessive elutriation of 
unburned fuel. A valve was installed on the fan outlet to reduce the air-flow into the 
combustion chamber. The fan was subsequently operated with the inlet damper 85% closed, 
with only 15% of the air going through the system, as primary and secondary air. The 
primary and secondary air velocities produced from the fan were recorded via pitot tube 
measurements and the results are presented in Table 5.1. (Valve Open (%) denotes the 
percentage of the valve of that particular inlet that was open.) 
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The volume of air presented in the table of results corresponds to the volume of air in the 
43 mm and 57 mm primary and secondary air pipes. The total volumetric flow rate (390.4 
Nm3/h) achieved by the fan operating with the baffle in place corresponded to the 
recommended fan size of approximately 400 Nm3/h. The FBC velocities presented 
correspond to the velocity of air through the combustion chamber and not the inlet pipes.  
Table 4.1   5.5 kW Air Fan – Air-flow Rates with Inlet Damper 85% Closed. 
  
Valve Open 
(%) 
Pipe Velocity 
(m/s) 
Pipe Volumetric 
Flow Rate (m3/h) 
FBC Velocity 
(m/s) 
Primary Air 50 19.0 99.2 0.235 
Secondary Air 50 10.5 98.7 0.236 
Total     197.9   
          
Primary Air 50 18.1 94.6 0.225 
Secondary Air 100 21.9 200.9 0.481 
Total     295.5   
          
Primary Air 100 43.0 224.7 0.538 
Secondary Air 100 18.0 165.7 0.397 
Total     390.4   
 
As the air-flow rates were derived from the fan venting 85% of the throughput air, this 
resulted in an unwarranted electrical demand. In addition, the primary air fan provided was 
three-phase, which was incompatible with the farm electrical power transmission system, 
which used single-phase electric power. A converter was initially installed to overcome the 
difficulty with the power supply. Due to the over-sizing of the fan and the incompatible 
power system a new fan was installed. 
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4.3.1.1 New Air System 
 
A separate primary air fan and secondary air fan were installed to allow for more 
economical electricity consumption. The replacement primary air fan was single-phase with 
a 2.2 kW motor [2,800 rpm, 450V/300V, 13.6 A] (Figure 4.3,). 
 
 
Figure 4.3 Replacement Primary Air Fan (2.2 kW). 
The outlet was 55 mm x 55 mm with a damper in place to control the primary air. The air 
was delivered into the wind box of the furnace through a flexible pipe. The fan was 
connected to a process control system, which allowed for easy control of the air-flow into
the combustion unit.  
 
The secondary air fan had a 0.11 kW motor [2,800 rpm, 230V]. The entry point for the 
secondary air was 1,900 mm above the distributor plate (Figures 4.4 and 4.5). 
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Figure 4.4 Secondary Air Fan (0.11 kW). 
 
Figure 4.5 The Entry Point for the Secondary Air. 
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The air-flow rates of the replacement primary and secondary air fans were measured. As it 
was not possible to measure the air velocity with the unit operational, the analysis was 
conducted at ambient temperature. Approximately, 25 kg of sand was present in the 
combustion chamber, offering resistance to the air-flow and resulting in a more 
representative indication of the air velocity flowing through the FBC. The results are 
presented in Table 4.2. (The valve open (%) denotes the percentage of the valve of the 
primary air inlet that was open. The air inlet was controlled via a damper/baffle.) 
Table 4.2 New Air System – Air Flow Rates. 
Primary Valve 
Open (%) 
Primary Pipe 
Velocity (m/s) 
Pipe Volumetric 
Flow Rate (m3/h) 
FBC Primary Air 
Velocity (m/s) 
100 19.8 358 0.858 
85 16.18 293 0.701 
75 11.46 207 0.497 
55 7.03 127 0.305 
        
Secondary Valve 
Open (%) 
Secondary Pipe 
Velocity (m/s) 
Pipe Volumetric 
Flow Rate (m3/h) 
FBC Secondary Air 
Velocity (m/s) 
100 12.73 109 0.26 
85 9.44 81 0.193 
 
Operating at full capacity, the primary air fan had a volumetric flow rate of 358 m3/h, 
which was sufficient to meet the demands of this particular unit. It was observed from on-
site combustion trials, that fluidisation commenced at 68% primary air, which corresponded 
to an air velocity of 0.452 m/s (calculated from plotted data). 
 
The volume of air generated by the secondary air fan was necessary to ensure excess air 
supply to the freeboard to allow for complete combustion. 
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4.3.2  Wind box  
The wind box consisted of a plenum connected to a distributor plate. A plenum is an 
enclosure containing gas at a higher pressure than the surrounding environment. The 
plenum was constructed from a 316 stainless steel plate 5 mm thick and had a height of 250 
mm. 
 
4.3.3  Air Distributor 
The distributor plate, in the shape of an inverted pyramid, provided air to the bed section of 
the furnace. The inclination of the sides of the conical distributor plate were at an angle of 
20o to the horizontal plane. In the centre of the distributor plate there was a vertical ash 
discharge pipe made of 316 stainless steel with an ID (inner diameter) of 38.1 mm and 500 
mm long.  The plate was constructed of 10 mm thick 316 high temperature steel. 
 
There were 116 standpipes attached to the distributor plate to introduce the fluidising air to 
the corresponding section of the bed. The standpipes were made of 316 high temperature 
steel, 30.5 mm high with an outer diameter of 8 mm. Each standpipe had 12 nozzles of 1.5 
mm diameter that were equally distributed on three heights of 6.5, 13 and 19.5 mm from 
the distributor plate. The nozzles were inclined downward at an angle of 25o to the 
horizontal plane.  
 
4.3.4 Combustion Chamber 
The fluidised bed combustor was built of 316 stainless (austenitic) steel 5.0 mm thick. The 
combustor consisted of three modules, each with a height of 1,500 mm, the total height of 
the FBC unit was therefore 4,500 mm (Figure 4.6). Each module was flanged with  5.0 mm 
steel. There was an outer metallic casing around the insulation made of aluminium with a 
thickness of 1 mm. The combustion chamber was insulated with 250 mm of mineral wool, 
which could withstand temperatures up to ~ 990ºC. This insulation was absent in certain 
sections at the back of the unit and poorly fitted, which delayed the FBC’s ability to reach 
optimum temperature. 
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Figure 4.6 Schematic Diagram of Fluidised Bed Combustion Unit. 
The combustion chamber consisted of bed and freeboard zones. The dimensions of the 
chamber were 340 mm x 340 mm. A circular design would have been a preferable option as 
it may have been more resilient than a square/rectangular design. Better fluidisation would 
also result, as there would be no acute angles. However, a square structure was installed, as 
this was the standard design used by the manufacturers in Portugal. 
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An access door 150 mm above the distributor plate was provided, which was necessary to 
assess the bed for sampling following a period of combustion and to inspect the combustion 
chamber for damage. The access door to the bed was clamped to prevent any leakage. 
 
The flue gas exit consisted of a duct made of 316 stainless steel with dimensions of 180 
mm x 90 mm. The duct length was 400 mm. An optical access point, made of 316 stainless 
steel pipe with an ID of 63.5 mm and a length of 300 mm, was located at the top of the 
combustor chimney. According to the design specifications, the facility for the injection of 
small quantities of air at high velocities on the side facing the interior of the combustor to 
prevent the accumulation of dirt on the optical access should have been provided but was 
not included. This optical access point was impracticable and of little use in observing the 
fluidisation of the bubbling bed, an optical spy hole with quartz glass positioned near the 
bed would have been the preferred option. 
 
4.3.5 Thermocouples 
Temperature monitoring is an essential aspect of any combustion process. It was necessary 
to monitor the temperatures in the bed and the freeboard to ensure that the unit reached 
optimum temperature prior to fuel addition and to regulate the temperature once the unit 
was operational. 
 
The temperature access points were located at two different locations, with thermocouples 
positioned at 200 mm (bed temperature) and 1,300 mm (freeboard temperature) above the 
distributor plate. The thermocouples were placed in circular ports with an ID of 25.4 mm 
on one of the walls. Rigid Type K, stainless steel thermocouples one meter in length with 
probe diameter of 3 mm were used in conjunction with a handheld digital display unit. 
Initially these were checked periodically to assess combustion behaviour. The installation 
of a data acquisition system, which recorded the bed and freeboard temperatures in 
conjunction with primary air-flow and fuel feed rate, removed the need for the hand held 
display unit.  
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 4.3.6   Pressure Control 
Ports for pressure points were located in the wind box 50 mm below the distributor plate 
and 150 mm above the distributor plate in the bed. The pressure port entries were circular 
pipes with a diameter of 25.4 mm. The pressure was measured with digital manometers. 
 
4.3.5 Ignition System 
The initial warming of the bed was carried out using a LPG (liquefied petroleum gas) 
burner with a thermal capacity of 140 kWth. The burner was positioned 580 mm above the 
distributor plate. The duct in which it was placed was circular in cross section with a 
diameter of 127 mm and was made of 316 stainless steel.  The duct accommodating the 
burner should have been at an angle of 35o to the vertical plane, however, it was initially 
positioned horizontally which resulted in excessive heat directed on the furnace wall 
parallel to the burner, weakening the structure. When the angle was altered to 35o, the bed 
reached optimum temperature in a shorter time period.   
 
Serious ignition problems were encountered in the first phase of the project. There was a 
time lag of approximately 5 minutes between the release of the LPG into the unit and 
ignition, which gave rise to an excessive build up of gas pressure in the combustion 
chamber and resulted in the explosive propulsion of the connection pipe between the FBC 
and the cyclone. This problem was overcome by cutting an opening in the flue gas outlet of 
approximately 150 mm x 80 mm, to allow the gases to vent to the atmosphere. 
 
4.3.8 Ash Removal 
Ash removal was carried out every 24 hours by opening a valve and the contents of the bed 
were collected in a steel drum and allowed to cool. There was no sorting system in place to 
separate the sand and the ash. 
 
4.3.9   Daily Fuel Storage Hopper and Fuel Feeding System 
The daily fuel storage and fuel feeding system represented a significant obstacle to the 
continuous and efficient operation of the unit. The daily fuel hopper consisted of a storage 
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container for the poultry litter directly connected to the combustion unit. The hopper was 
constructed with mild steel 5.0 mm thick with walls inclined 40o at the lower end, to 
facilitate the flow of the solids. The bottom end of the hopper had a rectangular opening for 
discharge.  
 
The fuel feeding system operated via a screw auger system (Figure 4.7) and the fuel inlet 
was positioned horizontally 500 mm above the distributor plate. Due to the nature of the 
fuel involved, this feed system was unable to provide a consistent fuel supply to the 
combustion chamber. The initial design had a two-inch screw auger and was over designed 
as it consisted of four motors. The two-inch screw auger was too narrow to allow for 
continuous flow of the fuel and blockages were frequent.  
 
 
Figure 4.7 The Motor and Screw Auger of the Old Feeding System. 
The feed system was re-designed with a single motor, which controlled the screw auger and 
an agitator in the storage hopper, preventing the litter from compacting. A four-inch screw 
auger replaced the two-inch design, which allowed for better movement of the fuel into the 
combustion chamber.  
  122
 
An additional eight-inch fuel auger was installed to ensure a continuous supply of litter 
from the storage pile to the hopper. At a rate of 20 -40 kg/hr, this system could deal with the
150 tonnes of litter produced annually on the farm. 
 
4.3.10  Air Pollution Control - Cyclone Separator 
The primary advantage of using fluidised bed combustion is the inherent ability to reduce 
the formation of certain pollutants, such as NOx and SOx. Conversely, fluidised bed 
combustors generally have high dust loads in the flue gas exhaust, especially for fuels with 
high ash contents such as poultry litter. The dust and other particles in the exhaust gases 
can arise from either ash or fuel particles that have not combusted completely. Particulate 
removal should therefore be an integral aspect of the combustion process.  
 
Cyclone separators are typically used with FBCs. They are generally regarded as low 
efficiency collectors, however efficiency varies greatly with particle size and cyclone 
design. Cyclones are most effective in removing particles larger than 15 μm and are much 
less efficient when it comes to finer particles (Nathanson, 1997), nonetheless, they offer 
one of the least expensive means of gas-particle separation. As cyclones have an ability to 
withstand harsh conditions such as high temperatures, and have no moving parts allowing 
for nearly maintenance free operation, this makes them ideal as pre-cleaners for more 
expensive control devices such as bag-houses or electrostatic precipitators. A cyclone was 
provided as part of the design for the dust removal for this system, (Figure 4.8). 
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Figure 4.8 Schematic Flow Diagram of a Standard Cyclone (Cooper and Alley, 1994). 
Cyclones are generally classified into three basic categories on the basis of dimensions, i.e. 
conventional, high efficiency or high throughput cyclones. The dimensions of the cyclone 
are presented in Table 4.3.  
Table 4.3 Cyclone Dimensions. 
    Cyclone (mm) 
D Body Diameter 600 
De Diameter of Gas Exit 200 
H Height of Inlet 350 
W Width of Inlet 100 
S Length of Vortex Finder - 
Lb Length of Body 650 
Lc Length of Cone 1200 
Dd Diameter of Dust Outlet 200 
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Note: The length of the vortex finder for the actual cyclone could not be measured as it was 
contained within the cyclone. 
 
According to the values presented in Table 4.3, the cyclone had some elements of 
conventional and high efficiency type cyclones. In general, as efficiencies increase, 
operating costs increase (primarily because of the higher pressure drops required) (Cooper 
and Alley, 1994).    
 
4.3.10.1   Cyclone Collection Efficiency 
The principle of the cyclone is that the dust-laden gas stream enters the cyclone tangentially 
or axially, forms a vortex and rotates in a helical path down the tube. Centrifugal force and 
inertia cause the particles to move outward, collide with the outer wall, and then slide 
downward to the bottom of the device, where they are collected. Near the bottom of the 
cyclone, the cleaned gas reverses its downward spiral and forms a second vortex which 
flows up the middle of the cyclone and out through the central inner cylinder. 
 
The collection efficiency of a cyclone separator is generally determined by the particle size, 
the gas velocity, and the particle settling velocity.  
 
It is assumed that particles on entering a cyclone quickly reach their terminal settling 
velocities. Smaller particles have lower settling velocities and do not have time to reach the 
wall to be collected, so they leave with the exit air in a cyclone. Larger particles are more 
readily collected. The efficiency of separation for a given particle diameter is defined by 
the mass fraction of the size particles that are collected.  Typically the  collection efficiency 
for a cyclone rises rapidly with particle size (Geankoplis, 2003).  
 
A commonly used equation for predicting the size of particle that can be removed with 50% 
efficiency (dpc) was developed by Lapple (1951).  
 
( )
2/1
2
9
⎥⎥⎦
⎤
⎢⎢⎣
⎡
−= gpiepc VN
Wd ρρπ
μ  
  125
 
Where: 
 eN  = number of effective turns. 
 pcd  = diameter of particle collected with 50% efficiency, m. 
 pρ  = density of the particle, kg/m3. 
 μ = gas viscosity, kg/m-s. 
 gρ  = gas density, kg/m3. 
 W = width of inlet, m. 
 
In theory, the smallest diameter of particles collected with 100% efficiency is directly 
related to gas viscosity and inlet duct width and inversely related to number of effective 
turns, inlet gas velocity and density difference between the particles and the gas. However, 
in practice it predicts that all particles larger than a certain size will be collected with 100% 
efficiency, which is not correct. This semi-empirical relationship developed by Lapple 
calculates the diameter of particles collected with 50% efficiency. The cut diameter, dpc, is 
the diameter for which one half of the mass of entering particles is retained.  
 
The number of effective turns (Ne) which the gas makes within the cyclone is given by: 
 
⎥⎦
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2
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H
N  
Where: 
 H = height of inlet duct, m. 
 bL  =  length of cyclone body, m. 
 cL  = length (vertical) of cyclone cone, m. 
 
Theodore and DePaola (1980) adapted Lapple’s equation to allow the overall collection 
efficiency of a cyclone to be predicted. If the size distribution of particles is known, the 
efficiency of collection of any size of particle is given by:  
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Where: 
 jη  = collection efficiency for the jth particle size range. 
 pjd  = characteristic diameter of the jth particle size range. 
 
The overall efficiency of the cyclone is a weighted average of the collection efficiencies for 
the various size ranges; that is: 
∑= jjo mηη  
Where: 
 oη  = overall collection efficiency. 
 jm  = mass fraction of particles in the jth size range. 
The size distribution of particles was determined and the overall collection efficiency of the 
cyclone was predicted based on the outlet air velocity.  
 
The particle size distribution and mass fraction of particles of the fly ash generated from the 
combustion of poultry litter is presented in Table 4.4. The particles were found to be 
generally coarse in size with 10% less than 19.2 μm, 50% less than 76.2 μm, and 90% less 
than 289.9 μm.  The outlet air velocities necessary to calculate overall cyclone efficiency 
are presented in Table 4.5 . 
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                           Table 4.4 Fly Ash Particle Size Distribution. 
j Size range (μm) 
Average Particle 
Size (dpj) (μm) 
Mass percent in 
Size Range (mj) (%)
1 0-5 2.5 2.1 
2 5-10 7.5 2.2 
3 10-20 15 6.33 
4 20-30 25 6.01 
5 30-45 37.5 12.33 
6 45-52 48.5 4.82 
5 52-60 56 5.06 
8 60-70 65 5.21 
9 70-80 75 5.25 
10 80-90 85 5.18 
11 90-105 97.5 5.02 
12 105-120 112.5 4.78 
13 120-140 130 4.49 
14 140-160 150 4.17 
15 160-180 170 3.87 
16 180-210 195 3.57 
15 210-240 225 4.31 
18 270-275 257.5 2 
19 255-320 297.5 2.71 
20 320-480 400 6.08 
21 480-550 515 1.21 
22 550-630 590 0.76 
23 630-720 675 0.26 
24 720-830 755 0.02 
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                       Table 4.5 Primary and Secondary Air Quantity and Velocity. 
Primary Air (%) 
Inlet Air 
Volumetric flow 
rate (m3/h) 
Outlet Air 
Volumetric flow 
rate (m3/h) 
Outlet Air 
Velocity (m/s)
100 358 1127.8 9.98 
85 293 923.0 8.17 
75 207 652.1 5.77 
65 127 400.0 3.54 
        
Secondary Air (%)       
100 109 343.4 3.04 
85 81 255.2 2.26 
 
The diameter of the particles collected with 50% efficiency (dpc) was calculated as 7.99 μm, 
based on the primary air fan operating at 55% open and the secondary air fan operating at 
100%, which corresponded to a cyclone efficiency of 91.64%. If the unit operated on a 
basis of the primary fan operating alone at 75%, the dpc was calculated as 9.87 μm, which 
corresponded to an efficiency of 90.05%. The cyclone could operate with a high degree of 
efficiency, as the majority of the fly ash particulates were greater than 10 μm. Higher gas 
velocities, generally in the range of 15-30 m/s, would be required to improve the collection 
velocity of finer particles, requiring the use of an induced draft fan. 
 
4.3.11  Fuel Reception/Storage 
It was necessary to store the poultry litter for a period of time to reduce the moisture 
content and to reduce the particle size of the poultry litter to minimise the potential for 
agglomeration within the bed.  
 
Approximately 25 tonnes of poultry litter were removed from the shed after each 7-week 
production cycle. This litter required storage in an area of adequate size, with concrete 
flooring and sufficient coverage to avoid potential pollution problems, such as run-off. 
 
A shed was constructed to accommodate the storage of the poultry litter. The storage shed
dimensions were 8.54 m wide, 9.60 m long, with a height of 5.10 m in the centre and  
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3.30 m for the height of the walls. The combustion unit was moved from its original
location adjacent to the poultry production site into the storage facility. An annex was
constructed at the side of the storage shed to house the control system for the combustion unit.  
 
The storage shed was designed to facilitate the use of the hot gases generated from the 
combustion process to dry the poultry litter. Eight 100 mm aeration pipes with 2 mm slits 
distributed throughout the length of each pipe were embedded in the concrete floor. The 
pipes were one meter apart and ran the length of the storage shed.  
 
4.3.12  Heat Exchanger 
Several options were examined for the choice of heating system for the poultry production 
shed.  
 
The initial intention was to divert the hot gases directly from the cyclone into the 
production shed and a connection pipe was put in place to facilitate this. 
As cyclone separators have inherent limitations for efficient particulate removal from 
flue gas streams, carry over would have been expected in the hot gases. The cyclone would 
have required a degree of insulation to maintain the gas temperature. It was intended to 
connect the gas inlet to the existing heat system within the shed. A fan would have been 
required to maintain adequate gas velocity and to disperse the heat throughout the 
production shed. This option was abandoned due to the lack of operational control and 
continuous air monitoring, which may have resulted in excessive levels of particulate 
matter and carbon monoxide entering the production shed. 
 
The heat recovery method selected consisted of an air-to-water heat exchange system. 
Internal heat exchanger tubing was not used due to the abrasive nature of the sand particles 
within the FBC.  
 
It was difficult to source a commercial heat exchanger, due to the excessive temperatures 
and high particulate loading, therefore, an air-to-water exchanger with a dust settling 
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chamber was designed for the unit. It was necessary to have an inbuilt dust removal system 
otherwise the exchanger would require excessive maintenance resulting in downtime.  
 
The heat exchanger was positioned at the top of the combustion chamber, as shown in  
Figure 4.9.  
 
 
                    Figure 4.9 General arrangement of FBC and Heat Exchanger. 
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The heat generated from the combustion process was used to heat the poultry production 
shed, which resulted in drier litter. The hot water was transferred by underground piping 
into the shed where the heat was dissipated by the existing heat distribution fans. Due to the 
unrestricted supply of poultry litter as a fuel, the heating of the production shed would not 
be limited by cost, therefore the production shed could be ventilated to the maximum level 
without reducing the required temperature for the rearing of the birds.  
 
A major factor in the efficient operation of the heat exchanger is that it should not become 
fouled with deposits from the flue gas, which contains fly ash, soot and volatilised metals 
compounds. These deposits stick to the boiler tubes and reduce the transfer of heat from the 
hot gases to the water in the steel tubes. The rate at which tube fouling deposits build up 
depend on the dust loading of the flue gases and the adhesion of the fly ash. Generally, 
scale deposits are partially removed by means of soot blowers (using superheated steam), 
by shot cleaning (dropping cast iron shot on the tubes to knock the deposits off) or by 
rapping the tubes (Williams, 2005). The periodical release of air jets was employed for the 
removal of deposits on the heat exchanger.  
 
4.3.13   Data Acquisition/Control System 
A 2604 Eurotherm controller was installed, which allows for continuous monitoring of bed 
and freeboard temperatures, fuel feed rate and air flows. It also incorporates a self-uning 
control system. 
 
4.4       Bed Material  
The selection of bed material is important as it is generally related to the type of fuel 
combusted, due to the chemical composition and reactivity of the fuel ash (Hupa, 2005).  
 
Typically, sand is used in fluidised bed combustion, as sand particles of a defined size 
range are a cheap and thermally resistant solid. The reactive nature of biomass ash, 
however, may reduce the applicability of sand as a bed material for biomass combustion, as 
the use of silica-sand bed material promotes agglomeration due to reaction of alkali 
compounds with the silica to form low-melting surfaces on the particles. For example, the 
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low-melting eutectic potassium silicate (K2Si4O-SiO2), is formed by absorption of fuel 
potassium by the sand and has a melting point of 760oC (van der Drift and Olsen, 1999). 
The quality of the bed material, therefore, limits the type of fuel that may be used. The 
selection of suitable bed material is essential and can fall into two main categories; (1) the 
bed is chemically neutral and can only act as a heat transfer media or (2) the bed reacts with 
the fuel, in which case it must be continuously replenished (Kiely, 1996). 
 
A suitable alternative to silica sand is pure hematite (mineral form of iron (III) oxide), 
which is reported as the most suitable bed material for the combustion of high alkali 
biomass however  process economics dictated the use of silica sand with regular removal of 
spent bed material.   
 
Due to the reactive nature of biomass it is essential that low levels of problematic elements 
such as sodium and potassium are present in the sand used (Ryabov et al., 2003). 
 
4.4.1  Sand Particle Size Distribution and Chemical Characterisation 
Five different sand types were sourced and analysed to establish particle size distribution 
and chemical composition. The primary specifications for optimum sand quality include a 
silica (SiO2) content of >99%, low level of low melting elements such as potassium or 
sodium, and an average particle size of 0.6 mm. The sand types analysed included the 
following: 
 
1. Reference Sand: A sand sample from INETI in Portugal was analysed to establish 
the chemical composition of sand compatible with the process. 
2. Sand A: After consultation with Kerry Co-op, which uses fluidised bed technology 
for drying, Grade A Sand from Silica Sand Ltd., in Drogheda, was selected. 
3. Sand B 
4. Sand C 
5. Sand D 
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The chemical composition of the sand samples was established by X-ray fluorescence 
(XRF). The bulk density of the sand was also determined. As the sand was added to the unit 
on a weight basis, it was necessary to determine the bulk density to establish the volume the 
sand bed would occupy. The identification of sand suitable for optimum fluidisation also 
involved the determination of particle size distribution. The results are presented in Table 
4.6. 
 
                Table 4.6 Sand Chemical Composition, Particle Size and Bulk Density. 
Oxides (%) Ref Sand Sand A Sand B Sand C Sand D
SO3 0.080 0.040 0.035 0.025 0.079 
SiO2 95.930 95.570 90.850 94.640 75.640 
Al2O3 0.630 0.340 2.380 0.870 1.950 
Fe2O3 0.510 0.850 0.710 0.240 0.480 
CaO 1.270 1.130 2.680 1.750 13.930 
MgO nd nd 0.120 nd 1.200 
K2O 0.030 0.120 1.030 0.340 0.710 
Na2O 1.210 1.200 1.560 1.560 5.360 
TiO2 0.070 0.080 0.100 0.060 0.090 
P2O5 0.003 0.076 0.010 0.028 0.025 
Mn2O3 0.011 0.012 0.019 0.012 0.028 
            
Bulk Density 
(kg/m3) 1616.4 1629.3 1686.9 1696.6 1391.5 
            
Average Particle 
Size (mm) 0.55 0.46 0.48 0.49 0.55 
            
D (0.1) (mm) 0.348 0.212 0.291 0.346 0.181 
D (0.5) (mm) 0.521 0.404 0.451 0.479 0.478 
D (0.9) (mm) 0.777 0.751 0.691 0.665 0.975 
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Note: D (0.1) means that 10 % of the sand sample is less than or equal to a certain size, just 
as D (0.5) shows 50 % of the sand sample is less than or equal to a certain size and D (0.9) 
shows 90% of the sand sample is less than or equal to a certain particle size (mm). 
 
Chemical Characterisation 
Sand A and Sand C proved to be of relative high quality compared to the Reference Sand. 
Sand A had a silica content of 95.57% and low levels of potassium (0.12%) and sodium 
(1.2%), and Sand C had a silica content of 94.64% and similarly low levels of potassium 
(0.34%) and sodium (1.56%). Low levels of potassium and sodium are required to reduce 
the propensity for ash related problems. 
 
Sand B was of moderate quality with a silica content of 90.85%. It contained higher 
potassium (1.03%) than Sand A or Sand C.  
 
For Sand D the relatively higher content of Mn2O3 (0.028%) gave rise to a green colour.  
More importantly it had the lowest silica content at 75.64% and the highest Na2O content 
(5.36%), which would have compromised the sand fusion point significantly. Its calcium 
content of 13.93% could prove advantageous in relation to sulphate sequestration.  
 
Based on the results obtained from XRF analysis, Sand A and Sand C were identified as the 
preferred bed material. 
 
Sand A was used as the bed material throughout the combustion trials, in which the 
formation of agglomerates was a reoccurring problem. The difficulties may have arisen 
from a combination of factors, such as, the nature of the fuel (biomass) used, which has an 
inherent tendency to form agglomerates and over-sized fuel particles. Due to lack of sand 
alternatives, the option of washing the sand was explored to remove any residual salt and 
possible contamination, with the intention of drying the sand in the FBC.  
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Bed Material (Sand A) Preparation 
Approximately 100 kg of Sand A was washed on-site with domestic well-water at a 
constant flow-rate of 12 l/min over a period of 76 hours.  The well-water had no significant 
level of salt contamination (50 ppm Na). Rinse water samples were taken periodically and 
analysed for potassium and sodium. The results are presented in Figure 4.10.  
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Figure 4.10 Grade A Sand Potassium and Sodium Removal. 
Within one hour, the maximum removal of sodium and potassium had occurred as the level 
of these elements detected in the rinse water corresponded to back ground levels for the 
remaining 71 hours. Within the initial 60 minutes of rinsing, approximately 215 ppm of 
sodium and 16 ppm of potassium were removed from the sand via the washing procedure. 
Based on the total concentration of K2O (0.12%) and Na2O (1.2%) present in Sand A, the 
removal efficiency of potassium and sodium was calculated to be 11% and 20% 
respectively.  A greater proportion of sodium was removed than potassium as the sand was 
sourced from the sea and a degree of sodium contamination would be expected. The results 
suggest that washing may slightly improve the thermal properties of the sand. 
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Sand A Fluidising Properties 
Based on the average particle size (0.46 mm) and bulk density (1629 kg/m3) for Sand A, the 
cross sectional area of the bed (0.1156 m2) and 25 kg of sand used in the combustion unit, 
the minimum fluidising velocity and the pressure drop at minimum fluidising conditions 
were determined. The minimum fluidising velocity is a minimum superficial gas velocity 
required to just fluidise a bed of solids. 
  
When a gas flows upwards through a packed bed of particles at low velocities, the particles 
remain stationary. As the gas velocity is increased, the pressure drop increases until the 
onset of minimum fluidisation. The pressure drop at the start of fluidisation was 
determined: 
 
( ) ( ) gLP pmfmf ×−×−×=Δ ρρε1  
Where: 
PΔ = pressure drop (Pa).  
mfL = height of bed (m). 
mfε  = void fraction at minimum fluidisation conditions. 
pρ  = particle density (kg/m3). 
ρ  = gas density (kg/m3).   
g = acceleration of gravity (9.81 m/s2) 
 
Upon further increases in velocity, conditions finally occur where the force of the pressure 
drop times the cross-sectional area just equals the gravitational force on the mass of 
particles. Then the particles just begin to move, and this is the onset of fluidisation or 
minimum fluidisation. The gas velocity at which fluidisation begins is the minimum 
fluidisation velocity (vmf) in m/s. This was determined using the Reynolds number at 
minimum fluidising velocity:  
μ
ρmfp
mf
vD
N =Re  
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Where: 
mfNRe = Reynolds number at minimum fluidising velocity. 
pD  = particle size (m). 
mfv  = minimum fluidising velocity (m/s). 
ρ  = gas density (kg/m3). 
μ  = air viscosity (kg/m.s) 
 
the Reynolds number (NRe,mf) was determined using the Ergun Equation (Geankoplis, 
2003): 
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Where: 
φ  = particle shape factor (0.65)   (Yin et al 2004)               
 
The pressure drop at minimum fluidising conditions was determined to be 3.42 kPa, which 
is typical of a pressure drop across a bed of this depth.  The minimum fluidising velocity 
was determined to be 0.375 m/s. This value is typical of bubbling fluidised bed combustors 
with sand as the dense phase (Geldart, 1986). It was also observed from on-site combustion 
trials, that fluidisation commenced at 68% primary air, which corresponded to an air 
velocity of 0.452 m/s (calculated from plotted data). 
 
4.5 Combustion of Poultry Litter in the Fluidised Bed 
The operational parameters of the FBC were established by conducting combustion trials. 
Typical combustion operational conditions are presented in Table 4.7. 
  138
Table 4.7 Fluidised Bed Combustor Operational Conditions. 
Bed Temperature (oC) 700 - 800 
Freeboard Temperature (oC)  850- 1000 
Fuel Feed Rate (kg/h) 20 - 40 
Gas Velocity (m/s) 0.4 - 0.6 
Average Litter Particle Size (mm) < 10 
Bed Height (mm) 150-250 
Average Sand Particle Size (mm) 0.5 
 
The bed was fluidised for 1 to 2 hours prior to ignition with ambient primary air. This was 
necessary as the moisture from the combustion process condensed after the cooling of the 
furnace, resulting in difficulties with the ignition process. The bed was then ignited by the 
pilot burner and allowed to heat for approximately an hour prior to the addition of poultry 
litter. The combustion temperature within the FBC was controlled by varying the level of 
primary air and the fuel feed rate. The bed and freeboard temperatures, air-flow and fuel 
feed rates were recorded.   
 
The details of combustion trials were recorded to relay the general operational 
conditions/problems encountered from the combustion of poultry litter in the FBC. 
 
4.5.1 Combustion Trials 
Combustion experiments were generally conducted over several hours. The results of two 
typical experiments (labelled A and B) are presented in this section. The poultry litter was 
supplied from two different producers. The moisture and heating value of the litter is 
presented in Table 4.8. 
  139
Table 4.8 Combustion Trials - Proximate Analysis Poultry Litter.  
Proximate Analysis (as-received basis) Combustion Trial A 
Combustion Trial 
B 
Moisture Content (%) 34.59 20.94 
Heating Value (GJ/tonne) 11.53 14.08 
 
Combustion Trial A 
The temperature profile for combustion trial A is presented in Figure 4.11. The propane 
heated the bed to optimum temperature (650oC) in ten minutes. An increase in air-flow at 
14:20 allowed the heat to disperse into the freeboard.  It was essential to allow the bed 
adequate time to generate heat before addition of the fuel. The gas was shut off at 15:20 and 
the poultry litter was added, following which, there was an adjustment period where a drop 
in bed temperature was observed. The bed temperature re-equilibrated once adequate litter 
was added to sustain combustion. The majority of the combustion occurred in the freeboard 
where higher temperature was recorded, due to the high level of volatiles present in poultry 
litter. After an hour the bed and freeboard temperatures decreased, an indication of the 
inability of the fuel to sustain combustion, as the moisture content of the litter was too high. 
The high moisture content also caused the fuel to adhere to the side of the fuel hopper 
resulting in an inadequate fuel supply to the combustion unit. 
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Figure 4.11 Combustion Trial - Temperature Profile Trial A. 
 
 
Combustion Trial B 
Difficulties with ignition were encountered during combustion trial B. There was a slight 
explosion during the first ignition attempt, however, the gas was successfully ignited on the 
second attempt and the bed heated up immediately. Figure 4.12 presents the temperature 
profile of the heating of the bed before and after the addition of the poultry litter. The 
temperature drop at 13.40 was due to the gas burner quenching. This was a reoccurring 
problem throughout the majority of the combustion trials. The gas was re-ignited and the 
temperature increased. The poultry litter was added at approximately 16:10. The minor 
fluctuations in bed and freeboard temperature were due to difficulties encountered in 
controlling the primary air. 
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 Figure 4.12 Combustion Trial - Temperature Profile Trial B. 
 
The agitator in the fuel hopper failed to work successfully during this trial, which resulted 
in an inconsistent supply of fuel to the combustion chamber.  
 
4.6  Air Monitoring 
To measure the combustion efficiency the exhaust gas was monitored. Fluidised bed 
combustors are known for high dust loads in the flue gas exhaust, but it was not possible to 
conduct iso-kinetic dust monitoring due to the excessive temperatures. A flue gas 
conditioning system would have been necessary to reduce the temperature below 150oC.   
 
Gas analysis was conducted using a portable Testo 350 gas analyser. Typical results are 
presented in Table 4.9. The high dust loads damaged the gas sensors so continuous 
monitoring over several hours was not possible.  It would have required the fitting of a 
baghouse filter.The pollutant concentrations (mg/m3) were expressed at reference 
conditions, 273K, 101.3 kPa, and 11% oxygen in accordance with the British Secretary of 
State’s guidance notes on the combustion of poultry litter. 
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                                               Table 4.9 Air Monitoring Results. 
Emission Concentration (ppm) 
Concentration (mg/m3, 
corrected to 11% O2) 
Limits 
(mg/m3)* 
CO  30 192.5 100 
CO2  14,000 141,798 - 
NO  8 55.25 150 
NO2  0 0 - 
NOx  8 55.25 150 
SO2  1 14.74 300 
H2  1 0.46 - 
O2 (%) 18.98 11 - 
 
* Department of the Environment – The Scottish Office: Environmental Protection Act 
1990, Part I – Secretary of State’s Guidance – Poultry litter combustion processes between 
0.4 and 3 MW net rated thermal input. 
 
The CO concentration detected (192.5 mg/m3) exceeded the stipulated limit. This may be 
due to the inefficient mixing within the combustion unit, and inadequate secondary air at 
the time of measurement. It should be noted that these values are guidelines for larger 
combustion units, which are generally more stringently controlled than small scale 
combustion units and that the actual CO emissions were quite low. 
 
The remainder of the specific pollutants were within the regulations.  The level of NOx 
detected in the flue gas was low due to the low combustion temperatures, typical of an 
FBC. Nitric oxide (NO) was the main nitrogenous emission detected, as it is generally 
dependent on combustion-zone oxygen and the nitrogen content in the fuel, and is relatively 
insensitive to temperature (Gray et al., 1999). Kouprianov and Permchart (2003) also found 
that NOx emissions were predominantly in the form of NO from the combustion of biomass 
fuel in a FBC (Kouprianov and Permchart, 2003). 
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The low level of sulphur in the fuel resulted in low SOx concentrations. The low H2 
concentration was an indication of a low level of unburned hydrocarbons in the flue gas.  
 
Combustion Efficiency 
The combustion efficiency was calculated from the stack gas measurements, using 
(Suksankraison et al., 2003): 
 
 
 
The combustion efficiency was calculated as 99.98%, which indicates that the FBC system 
operated effectively. 
 
The efficiency calculation procedure is based on a knowledge of flue gas composition only 
and assumes that there are no carbon losses and carbon composition in the fuel is converted 
completely to carbon monoxide and carbon dioxide. The amount of carbon remaining in 
various ash residue samples from the FBC, was determined using the Carbon/Sulphur 
Automatic Analyser, the results are presented in Table 4.10. 
Table 4.10 Unburned Carbon (%) in Ash from the Combustion Process. 
Sample Carbon (%) 
Un-segregated Ash 1.2 
Bed Ash > 63 μm 0.9 
Bed Ash > 100 μm 0.3 
Fly Ash  0.5 
 
The un-segregated bed ash sample represents the contents of the bed, which consisted of 
sand and ash. The percentage of carbon in all ash samples was relatively low, indicating an 
efficient combustion process. 
 
 
( ) 100gas flue in the  %%
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Conclusion from General Combustion Trials 
The combustion trials conducted throughout the research program, resulted in the following 
observations.
-  The bed must be adequately fluidised and heated prior to addition of the fuel. 
 -  The thermal output will depend on the moisture content of the fuel, feed rate, and 
efficiency of the unit. Based on an average calorific value of 12 GJ/tonne for 
poultry litter, a feed rate of 20 - 40 kg/hour, and a predicted efficiency of 80%, the 
predicted thermal output was calculated to range from 53.3 kW to 106.7 kW. The 
actual thermal output was determined to be 110 kWth.  =
 -  The level of excess air used during these combustion trials was determined to be 
approximately 120%. The high oxygen level was required because of the 
heterogeneity of the fuel with respect to moisture content and particle size. 
   -  Excessively high fuel feed rates can reduce combustion efficiency by reducing 
excess air levels and choking the bed. The fuel should be added at a rate sufficient 
to maintain the thermal inertia of the bed. Poor fluidisation in conjunction with 
increased feed rate, results in inadequate air/fuel ratio, which reduces combustion 
efficiency. 
 -  The poultry litter needs to have a particle size of less than 10 mm to allow the fuel 
to be fed at optimal feed rate. 
 -  The addition of sand during active combustion has a cooling effect on the bed. 
 -  Excessive ash in the bed can interfere with the burner, as the fluidising air transports 
the ash into the freeboard region.  
 -  Temperatures should not exceed 800oC, as it may result in structural damage. 
During the initial commissioning phase of the FBC, temperatures in excess of 
950oC occurred due to inadequate control of the air-flow. The excessive 
temperatures in the freeboard resulted in irreparable damage and warping of the 
unit. The combustion chamber was subsequently replaced due to this damage. 
 -  Adequate fluidisation/combustion is achievable, however agglomerates accumulate 
over time, which impede the process. Large particles, low melting compounds and 
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low-grade sand contribute to agglomerate formation. Combustion had to be stopped 
to allow for the removal of these agglomerates. 
 
The main difficulty encountered throughout the combustion trials was bed agglomeration of 
the ash and sand particles.  
 
4.7 Ash Behaviour within the FBC 
The ash derived from the combustion process consisted of bed (bottom) ash and fly ash. 
The bed ash was the inorganic residue, which accumulated in the sand and was removed 
periodically; it was heavier and coarser than fly ash. The lighter fly ash was elutriated in 
exhaust gases and was discharged to the atmosphere via the cyclone/heat exchanger.  
 
The high ash content of poultry litter (16 wt% as received basis) resulted in significant 
operational problems. The difficulties encountered with poultry litter ash are typical of 
biomass fuels due to high levels of alkali and alkaline earth metals in the mineral matter. 
The interaction of these species is known to lower the melting temperature of the ash (Theis 
et al., 2006). The formation of low melting compounds or eutectics increases the adhesion 
efficiency of ash particles and results in the formation of sticky layers. The major ash 
related problems are slag flow, agglomeration, slag attack on the refractory, ash deposition 
and corrosion on heat transfer surfaces, corrosion and erosion of equipment materials and 
emissions control. These problems are a result of physical and chemical interactions of the 
fuel, bed material and system components (van der Drift and Olsen, 1999).   
 
Agglomeration of bed particles in fluidised bed combustion systems is considered as a 
primary operational problem. Even though FBCs operate at a relatively lower temperature 
(800oC) than moving grates (1000oC), the high alkali content in biomass results in low 
melting ash compounds (Al-Otoom et al., 2005). Bed material agglomeration is defined as 
‘the generation of particles significantly larger than the initial particles within the bed by 
deposition of inorganic products (from the fuel, calcined and sulphated sorbent, and foreign 
material in the fuel and sorbent) onto the surface of bed particles and the subsequent 
sticking together of these particles to form larger clusters’. In the agglomeration process, 
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the solids do not typically melt, although some liquids may form on particle surfaces 
because of localised hot spots. Agglomerates are usually observed to be brownish masses of 
aggregated enlarged grains of bed material and ash. Their structure can range from being 
very friable to strongly bonded by a glassy material or cement-like coating. Typically, 
individual bed material grains are embedded in a more or less ash matrix.  
 
Agglomeration of the bed material manifests itself in various forms within the combustor 
and associated system components: 1) as growth of individual particles by adhesion of very 
small fuel ash, sorbent and attrition products to the larger initial bed grains; 2) as clusters of 
larger particles that adhere to each other to form raspberry-shaped agglomerates, which 
may be free-flowing in the bed; 3) as hollow ‘eggs’ composed of sintered bed material; and 
4) as massive solidification in which most of the individual particles are bonded into large 
masses (Mann et al., 1996). Severe agglomeration and sintering of the agglomerates may 
lead to loss of fluidisation. This may cause local high temperature, which often accelerates 
the process, it can ultimately lead to a completely sintered bed and shutdown of the plant 
(Al-Otoom et al., 2005).  
 
The first indication of the occurrence of agglomeration is usually large differences in 
temperature at various locations in the bed, as well as fluctuations in measured 
temperatures with time. In addition, bed material drained from the combustor is usually 
coated with small nodules composed of small ash particles or fragments of bed material. 
This results in an increase in average particle size, which may cause difficultly in draining 
bed material. As the combustion process continues, a gradual but continuous decrease in 
overall heat-transfer rate is observed. Other operating conditions, such as excess air, 
superficial gas velocity and temperature have to be altered to compensate. As 
agglomeration continues, the FBC system performance deteriorates (fluidisation decreases 
and CO emissions increase). When massive solidification occurs the measured bed 
temperatures become very erratic and eventually become uncontrollable and combustion 
must be terminated (Mann et al., 1996).  
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The fundamental reason for agglomerate formation is the chemical composition of the fuel 
itself. Organically-bound (volatile) alkali metals are generally considered as the main 
component causing agglomeration (Olanders and Steenari, 1995). Ash related problems are 
increased when high alkali content is combined with high contents of alkaline earth metals 
such as calcium and non-metallic (anionic) elements such as sulphur, chlorine, silica and 
phosphorus. The form in which an inorganic element occurs in a solid fuel also has an 
influence on its reactivity and volatility. 
 
Based on chemical composition, the ash behaviour can be predicted using indices. These 
indices, despite their shortcomings due to the complex conditions, which arise in boilers 
and their associated heat transfer equipment, are widely used and are the main basis for 
decision-making, if used in conjunction with pilot plant testing.  The alkali index (AI) is 
used as a threshold indicator for fouling and slagging and is an expression of the quantity of 
alkali oxides in the fuel per unit of fuel energy: 
 
( )a ONaa OKaf YYYQAI 221 +××⎟⎟⎠
⎞
⎜⎜⎝
⎛=  
 
In which Q is the heating value (GJ/kg) of the fuel (HHV, dry basis).  Yaf is the mass 
fraction (dimensionless) of ash in the fuel, YaK2O and YaNa2O are the mass fractions 
(dimensionless) of K2O and Na2O in the ash (Jenkins et al., 1998). (For poultry litter, a 
HHV (dry basis) of 15 MJ/kg and an ash content (dry basis) of 25%, were used to calculate 
the alkali index). 
 
When alkali index values are in the range 0.15-0.34 kg/GJ fouling or slagging is probable, 
while when these values are greater than 0.34 kg/GJ fouling or slagging is highly likely to 
occur (Ryu et al., 2006). 
 
Another commonly used index, the base-to-acid ratio (Rb/a), takes the form: 
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Where the label for each compound refers to its weight concentration in the ash. This 
expression was originally developed for fossil fuels with very low phosphorus content, 
however, P2O5 is included for its use with biomass fuels such as manure as it is well 
documented that increased P2O5 content aggravates the fouling tendency of fly ash 
(Pronobis, 2006). As the Rb/a increases, the fouling tendency of a fuel increases.  
 
A bed agglomeration index (BAI) has been developed, relating ash composition to 
agglomerations in fluidised bed reactors: 
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Bed agglomeration occurs when the BAI value becomes lower than 0.15 (Vamvuka and 
Zografos, 2004).  
 
Various other factors also contribute to agglomerate formation, such as fuel particle size, 
bed material and operational conditions. In order to fully examine the extent of 
agglomeration within the FBC, it was essential to identify the chemical and fusion 
characteristics of the ash, to ensure the successful operation of the FBC. 
 
4.7.1  Ash Behaviour Results and Discussion 
The formation of agglomerates was evident throughout the combustion trials. Large ash 
clusters consisting of fused bed media and ash particles were frequently observed in the 
spent bed material. Temperatures in excess of 800oC and inadequate ash removal from the 
combustion chamber were the primary contributory factors. Combustor shut-down was 
frequent in the initial stages of the research, due to the formation a large sintered masses in 
the bed (Figure 4.13, ).  
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Figure 4.13 Sintered Bed Material and Ash removed from the Combustion Chamber. 
The extent of agglomeration was also evident from the particle size distribution of the bed 
ash. For certain samples 20% of the ash was greater than 4.75 mm, as presented in Figure 
4.14, with an average particle size of 1.56 mm. 
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                                 Figure 4.14 Bed Ash Particle Size Distribution. 
The primary reasons for agglomerate formation may be attributed to the following: 
 
(1) Inadequate fuel size reduction of the poultry litter. Large particles negatively impact 
on fluidisation especially under slow reaction conditions, as coarse char particles 
may accumulate to a concentration that negatively influences and eventually 
destabilises the fluidisation. Such destabilisation leads to hot spots and local 
sintering, which within a short time frame results in the majority of the bed being 
involved in this irreversible process. 
(2) Excessive feed rate and high levels of char in the bed may have resulted in peak 
temperatures largely exceeding the bed temperature. Decreasing the fuel rate at this 
stage would have resulted in a more rapid temperature increase due to the lack of 
the temperature moderating effect of moisture evaporation and pyrolysis reactions 
(Scala et al., 2003).  
(3) High oxygen concentrations within the combustion chamber. Areas with high 
oxygen content, due to the high primary air input, may have resulted in the 
temperature of burning char being significantly higher than the mean temperature of 
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the surroundings. Therefore creating localised hot spots and increasing the 
propensity for ash melting (van der Drift and Olsen, 1999). 
 
As the chemical composition of ash is generally recognised as the predominant cause of 
ash-related problems for biomass combustion, it was necessary to characterise the ash 
samples generated. 
 
Agglomerate and ash samples from the combustion process were examined using an 
electron microscope to determine morphological structure and the elemental composition of 
the areas that contribute to agglomeration. The chemical composition of laboratory ash and 
FBC ash samples were analysed by X-ray Fluorescence (XRF). The ash fusion point was 
determined via Differential Thermal Analysis/Thermal Gravimetric Analysis (DTA/TGA).  
 
 
4.7.1.1  Elemental Composition of Ash and Agglomerates as Determined by SEM-
EDX 
The initial step in identifying the elements responsible for agglomerate formation involved 
the morphological examination of the various agglomerates using scanning electron 
microscopy. During the morphological examination, the qualitative elemental composition 
of areas selected was determined by EDX.  
 
Observations were made on small fragments from the bulk of an agglomerate. A typical 
scanning electron photomicrograph of a section of an agglomerate greater than 4.55 mm in 
size is presented in Figure 4.15 . The elemental composition of four separate points on the 
agglomerate surface was determined. The elemental spectra for each point are presented in 
Figures 4.16 to 4.19. 
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Figure 4.15 SE Photomicrograph of Agglomerate from the Combustion Process (> 
4.75 mm in size). 
 
Figure 4.16 Elemental Composition of Agglomerate from the Combustion Process (> 
4.75 mm in size) - Point 1. 
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Figure 4.17 Elemental Composition of Agglomerate from the Combustion Process (> 
4.75 mm in size) - Point 2. 
 
Figure 4.17 Elemental Composition of Agglomerate from the Combustion Process (> 
4.75 mm in size) - Point 3. 
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Figure 4.18 Elemental Composition of Agglomerate from the Combustion Process (> 
4.75 mm in size) - Point 4. 
The elemental composition of the various points selected show that the agglomerate coating 
consisted predominantly of Si, Ca, K and P, elements that are known to play a significant 
role in agglomerate formation. Point 1 consisted mainly of Si, whereas the remaining three 
points consisted of Si, K, Ca and P, indicating the presence of ash on the agglomerate 
surface. The slightly lighter colour of Points 2, 3 and 4 also indicate that the sand grains 
were surrounded by a coating layer of ash (Lin et al., 2003). Further analysis was 
performed on other agglomerates to establish the elements primarily responsible for 
agglomerate formation. These results reveal a smooth appearance to aspects of the
coating surface indicating that the surface layer was molten in the hot bed. The results
obtained suggest that interaction between molten fuel particles, due to the high level of
problematic elements, and the bed media occurred. Fryda et al. (2006) found similar results 
from the co-combustion of meat and bone meal with olive bagasse residues. Based on 
SEM/EDX analysis, they concluded that elevated temperatures within the fluidised bed 
combustor resulted in agglomerate formation from the fusion of silica bed particles with 
potassium and sodium in the fuel.  
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The elemental EDX spectra for typical bed ash with a particle size of 63-106μm, is 
presented in Figure 4.20. Potassium and calcium were the main elements rather than silica, 
suggesting the silica in the agglomerates is predominantly from the bed media rather than 
arising from the silica in the fuel.  
 
            Figure 4.19 Elemental Composition of Bed Ash (63-106 μm). 
Fly ash derived from the combustion process was also analysed and the results are 
presented in Figure 4.21. 
 
Figure 0.20 Elemental Composition of Fly Ash. 
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Potassium, silica, calcium, phosphorus and magnesium were the primary elements present 
in the sample. These results indicate that alkali volatilisation occurred, due to combustion 
temperatures greater than 600oC. Chlorine and sulphur were also detected in the fly ash 
sample, these elements were more than likely present as chlorides and sulphates of 
potassium and/or calcium (Frandson, 2005). 
 
Based upon this preliminary analysis, it was concluded that the silica from the bed material, 
together with the alkali and alkaline earth metals contributed to the formation of 
agglomerates.  
 
However, scanning electron microscopy has inherent limitations in the identification of the 
problematic nature of the ash in question, as only the surface material is examined. 
Therefore, the overall composition could not be determined and more importantly the 
technique is not quantitative. In order to establish the definitive cause of agglomeration, it 
was necessary to quantify the level of these problematic elements in the ash. 
 
4.7.1.2 Chemical Composition  by X-Ray Fluorescence 
 
Typically the ash chemistry of a particular fuel is determined by preparing a laboratory 
sample for analysis. This involves burning a fuel under controlled conditions and analysing 
the ash.  The temperature used to generate the ash samples may affect the composition, 
therefore low temperature ashing was employed to reduce the level of alkali loss (Miles and 
Baxter, 1996). Three ashing temperatures (450oC, 550oC and 650oC) were selected. The 
chemical composition was determined by XRF and the elements are reported as oxides. The 
results are presented in Table 4.11 as well as the chemical composition of poultry litter 
from scientific literature for comparison. The predictive indices, alkali index (AI), base-to-
acid ratio (Rb/a) and bed agglomeration index (BAI), were also calculated based on the 
chemical composition of the various samples.  
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Table 4.11 Chemical Composition of Poultry Litter Ash Samples. 
Sample 
SO3 
(%) 
SiO2 
(%) 
Al2O3 
(%) 
Fe2O3 
(%) 
CaO 
(%) 
MgO 
(%) 
K2O 
(%) 
Na2O 
(%) 
TiO2 
(%) 
P2O5 
(%) 
Mn2O3 
(%) 
AI 
(kg/GJ) Rb/a BAI 
P. Litter Ash 
(450oC)  2.67 16.06 1.55 1.81 22.26 9.72 23.61 2.42 0.11 18.02 0.49 4.34 4.39 0.07 
P. Litter Ash  
(550oC)  3.11 15.61 1.45 1.79 21.73 10.02 23.76 2.28 0.10 18.36 0.47 4.34 4.54 0.07 
P. Litter Ash  
(650oC)  3.30 21.53 1.58 2.05 20.54 9.32 21.28 2.18 0.10 17.18 0.43 3.91 3.13 0.09 
                              
P. Litter Ash1  6.70 8.10 1.90 1.16 17.30 5.00 16.30 9.20 0.20 24.40 - 4.25 7.19 0.05 
P. Litter Ash2  7.23 6.34 1.23 1.06 21.50 5.90 16.51 6.52 0.10 25.12 0.22 3.84 9.99 0.05 
P. Litter Ash3  6.90 14.30 1.70 1.00 16.00 5.00 15.10 10.60 0.20 18.30 - 4.28 4.07 0.04 
P. Litter Ash4  5.10 26.70 2.90 1.00 17.10 3.90 14.40 5.30 0.19 19.20 - 3.01 2.04 0.05 
 
1 (Gray et al., 1999) 
2  (Mukhtar et al., 2002) 
3  (Brown, 2000) 
4 (Miles and Bock, 2005) 
 
The increase in ashing temperature from 450oC to 650oC resulted in changes in the 
chemical composition of the ash samples. An overall increase of 34.1% for SiO2 was 
observed, accompanied by a overall decrease in K2O (9.9%), NaO (9.9%), MgO (4.1%), 
CaO (7.7%) and P2O5 (4.6%). The composition of ash generated at 650oC exhibited a 
relatively higher level of SiO2 and lower levels of the remaining elements suggesting 
volatilisation of alkali and alkaline earth metals. The heterogeneous nature of the poultry 
litter analysed may also be the predominant factor in the variability of the ash composition. 
The overall loss in alkali was expected, since high temperature ashing can result in the 
destruction of the mineral phases present in the fuel and increase the level of alkali 
volatilisation, thus reducing the alkali concentration in the final ash residue (OECD, 1985). 
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The effect of high ashing temperature was also examined by Vamvuka et al. (2004), who 
found that the higher combustion temperatures increased the vaporisation of some of the 
mineral species so that at 900oC biomass ashes were richer in most oxides, but poorer in 
K2O, as potassium compounds are more volatile. The authors observed a 48% decrease in 
potassium in olive kernal ash by increasing the ashing temperature from 600oC to 900oC 
(Vamvuka and Zografos, 2004).  
 
The inherent variability of the chemical composition of poultry litter ash is supported by the 
data from published literature presented in Table 4.11 . There were differences between the 
ash produced during this project  and literature data, most notably the higher proportion of 
Na2O, SO3 and MgO, and lower level of K2O in published data. This may be due to 
different feeding regimes for the poultry involved in the various studies. The lower level of 
K2O in literature data may also be due to alkali volatilisation during the ashing process. The 
ashing temperatures were not specified. 
  
More importantly, the characterisation of the poultry litter ash at 550oC, which is the typical 
ashing temperature for biofuels, showed a high level of oxides such as K2O (23.76%), CaO 
(21.73%), P2O5 (18.36%) and SiO2 (15.61%). Gray et al. (1999) reported that high 
quantities of these compounds in poultry litter substantially increased the potential for 
slagging and fouling. The release of these elements from the fuel is influenced by both 
volatility and the reactions of the organic portion of the fuel. Materials that are inherently 
volatile at combustion temperatures include derivatives of alkali and alkaline earth metals, 
most notably potassium and sodium. It has been observed that the amount of fuel lost 
during the pyrolysis stage of combustion increases with increasing hydrogen to carbon ratio 
and, to a lesser extent, with increasing oxygen to carbon ratio. Typically, the volatile loss 
during early pyrolysis of biomass is about 75%. The combination of high oxygen and high 
organic volatile matter in poultry litter suggests the potential for creating inorganic vapours 
during combustion. Alkali elements are also directly vaporised at normal furnace operating 
temperatures, as evidenced by differences between standard ash content determinations 
conducted at 550oC and 650oC (Jenkins et al., 1998).  
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The most significant of these elements in the poultry litter ash was potassium, as this is the 
dominant element in biofuels, responsible for the formation of low-melting compounds 
during the combustion process. The high level of potassium detected in the project ash is 
representative of the levels detected in the original fuel material (4.41%). This represents a 
significant operational obstacle as a fuel with a potassium content greater than 2 wt% 
results in ash-related problems, such as agglomeration and deposition (Miles and Baxter, 
1996). Additionally, the potassium detected in the poultry litter was predominantly water 
soluble (98.5%), indicating the potassium present would be volatilised easily and react 
readily during combustion. This is because elements that are more easily leached from a 
fuel sample are generally more volatile in combustion (Zevenhoven-Onderwater et al., 
1999). 
 
During combustion, organically bound potassium is likely to be volatilised readily. 
Following the release of potassium, it combines and readily reacts with other elements such 
as chlorine, sulphur and silica forming molten mixtures. Chlorine has been found to be a 
very influential element in relation to agglomerate/deposit formation, as it has been shown 
to facilitate alkali release by increasing the mobility of potassium and serving as a ‘carrier’ 
from the fuel to surfaces subject to deposition. The chlorine reacts with the alkali material 
to form volatile and stable alkali chlorides. Chlorine increases the risk of bed agglomeration 
due to low melting point of chlorides and the formation of low-melting eutectics; potassium 
chloride (KCl) for instance, has a melting point of 770oC. The formation of alkali chlorides 
is thermodynamically favoured under most combustion conditions if chlorine is available in 
the gas. In this process, it is commonly the chlorine concentration rather than alkali 
concentration that dictates the amount of alkali vaporisation (Arvelakis et al., 2005). 
 
The chlorine content of the poultry litter was 0.5-1%, which is significant as a chlorine 
content in excess of 0.3% of the fuel is known to cause corrosion or fouling problems due 
to the formation of alkali salts. The deposits formed tend to be highly corrosive due to the 
presence of chlorine (Arvelakis et al., 2005, Davidsson et al., 2002, Pronobis, 2006). The 
chlorine content of fly ash (1.69%) and bed ash with a particle size distribution of              
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63 - 106μm (1.01%) was determined by Volhard titration. The values found indicate the 
formation of alkali chlorides on the ash, as the chlorine was retained. 
 
Therefore, the high potassium level in conjunction with relatively high chlorine content 
may have increased the level of alkali vaporisation and formation of low melting 
compounds. These properties signify the possibility of severe ash related problems at high 
or moderate combustion temperatures.  
 
Another primary source of agglomeration within a biomass fired FBC, is the interaction of 
alkali metals with silica to form alkali silicates that melt and soften at low temperatures. 
Depending on ash composition, these temperatures can be as low as 700oC (Ryu et al., 
2006). 
 
The combination of high silica (15.61%) and high potassium in the ash may have 
contributed to agglomerate formation. By itself, silica does not represent a problem for 
biomass boilers, for example rice hull does not slag and foul in boilers as the ash is 
relatively pure silica (>95% SiO2 in ash typically), with a high melting point (>1650oC). 
Whereas silica in combination with alkali and alkaline earth metals, especially with the 
readily volatilised forms of potassium present in biomass, can lead to the formation of low 
melting compounds which slag and foul at normal furnace temperatures (700-900oC) 
(Miles and Baxter, 1996). The use of silica based bed media within the fluidised bed 
combustor further compounds this aspect of eutectic formation. Ergüdenler and Ghaly 
(1993) found that gasification of wheat straw in a FBC with silica sand as bed material 
resulted in agglomerate formation as the temperature approached 800oC and severe 
defluidisation occurred as the temperature exceeded 800-820oC. They concluded that the 
high fraction of potassium in the straw was the major contributor to this phenomenon 
(Ergüdenler and Ghaly, 1993).  
 
Calcium and phosphorus were also detected in significant quantities; these elements are 
typical of biofuels such as manure and during the sintering mechanism alkaline compounds 
such as calcium can melt and act like a bonding agent (Fernández-Llorente et al., 2006).  
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Generally these fuels require low temperature furnace conditions and frequent fly ash or 
deposit removal (Miles and Baxter, 1996).  
 
To further illustrate the propensity for ash related problems various empirical indices were 
applied to the chemical composition of the laboratory generated ash and are presented in 
Table 4.11. The alkali index (AI) values obtained for poultry litter ash indicates a high 
fouling risk as the calculated values for the various ash samples were greater than 0.34 
kg/GJ, indicating a high propensity for fouling/slagging within the combustion chamber. 
The greater proportion of ash and sodium present in the poultry litter ash would have 
increased the fouling propensity. Generally as the ratio increases, the fouling and fusion 
potential is increased. In addition, the base-to-acid ratio (Rb/a) was high and generally as the 
ratio increases beyond 0.75, the fouling and fusion potential is increased. The bed-
agglomeration index (BAI) indicated the propensity for bed agglomeration with the poultry 
litter ash, as the values calculated were less than 0.15.  
 
Estimations based on such indices are not always accurate because they fail to take into 
account interactions of ash with bed material and are used principally as a general guide 
(Fryda et al., 2006, Jenkins et al., 1998). These indices suggest that poultry litter ash is 
prone to fouling and agglomeration, which is in general agreement with real combustion.  
 
Ash samples derived from the fluidised bed combustion process were also analysed, the 
results are presented in Table 4.12.  
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Table 4.12 Chemical Composition of Ash Generated from the Combustion Process. 
Sample SO3 (%) 
SiO2 
(%) 
Al2O3 
(%) 
Fe2O3 
(%) 
CaO 
(%) 
MgO 
(%) 
K2O 
(%) 
Na2O 
(%) 
TiO2 
(%) 
P2O5 
(%) 
Mn2O3 
(%) 
Agglomerate 0.65 56.69 1.59 2.23 12.30 4.96 9.08 1.63 0.12 9.80 0.25 
Total Bed 
Ash 0.63 65.11 1.52 3.43 8.84 3.62 7.88 0.78 0.13 7.36 0.22 
Bed Ash 106 
- 250 μm 1.57 49.78 2.29 3.55 11.86 4.57 12.16 2.16 0.26 10.74 0.34 
Bed Ash  63 
- 106 μm 2.41 13.51 1.74 4.72 24.60 8.99 19.35 1.27 0.18 22.15 0.58 
Fly ash  2.31 15.50 2.01 1.93 21.87 11.69 16.67 2.02 0.15 20.69 0.47 
 
It is evident that the primary elements responsible for agglomerate formation (K, Ca and P) 
were present in significant quantities in the various ash samples. The chemical composition 
of the ash samples derived from the combustion process aid in the identification of the 
causative factors of agglomeration within the combustion chamber. 
 
The chemical composition of the agglomerate shows that silica from the bed played a 
significant role in the formation of agglomerates. The ash is transferred from the burning 
char particles to the bed particles, coating them with sticky material and facilitating the 
formation and sintering of agglomerates (Tangsathitkulchai and Tangsathitkulchai, 2001). 
The action of the fluidised bed aids in the formation of the agglomerates as the continuous 
transfer of ash to the bed particles is mediated by the collisions between the beds particles 
(Lin et al., 2003). Mann et al. (1991) also suggested that deposition and condensation of 
volatile ash species on the surface of bed material is a major mechanism of transfer (Mann 
et al., 1991).  
 
Agglomerate formation was also influenced by the high calcium and potassium contents, as 
generally the propensity to agglomerate increases with the presence of a fluxing agent. 
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Calcium and potassium are good fluxing agents which lower the melting point of the silica 
(Mann et al., 1996).  
 
Although, the propensity for alkali, i.e. potassium, volatilisation to occur has been 
previously established, the chemical composition of the bed ash samples suggests that 
potassium is actually retained in the bed media. Potassium was also detected in significant 
levels (19.35%) in the bed ash with a particle size of 63-106 μm, indicating that the 
potassium compounds may not have been totally released into the gas phase but remained 
in the ash matrix by recapture of vapours by some mineral components in the ash (Lin et 
al., 2003). Lin et al. (1999) also found the potassium concentration to increase linearly with 
time in the bed of a FBC. Van der Drift et al. (1999) reported that a combustion test on 
poultry manure resulted in an increase in the potassium content in the bed material from 
2,000 mg/kg to 10,000 mg/kg after 10 hours testing.  The fact that a silica bed binds the 
alkali released from the fuel, retaining it in the bed as low melting alkali silicates may also 
be an important factor (Zevenhoven-Onderwater, 2001).  
 
The relatively high level of potassium in the fly ash sample suggests elutriation of K-
containing fine ash particles, similar results have been reported by other experimenters (Lin 
et al., 2003).  
 
The slagging tendency of a boiler cannot be anticipated in terms of fuel properties alone. 
While the tendency to slag generally increases with increasing alkali content, the form of 
the alkali and other inorganic constituents as well as boiler operating conditions and boiler 
design have significant impacts on deposit properties.  
 
4.7.1.3 Ash Fusion Point 
To further evaluate the ash fusion tendency of poultry litter ash, the ash fusion point of 
various ash samples was analysed by DTA/TGA. 
 
The samples analysed were: 
1. Bed Ash (106-250 μm). 
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2. Total Bed Ash. 
3. Fly Ash. 
4. Poultry Litter Laboratory Ash (550oC). 
 
The results obtained are presented in Figures 4.22 to 4.25.  
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Figure 4.21 Bed Ash 106-250 μm Thermograph. 
The thermograph for bed ash with a particle size of 106-250 μm shows a 0.3% weight loss 
within the temperature range 80-450oC, which could be due to the vaporisation of adsorbed 
water. This was followed by a weight loss of 0.7% in the temperature range 450-700oC and 
a sharp endothermic peak at 573oC. The endotherm and associated weight loss suggest 
vaporisation of low melting material and ash fusion point.  
 
A similar endothermic peak (573oC) was observed for a bed ash sample consisting of the 
total content of the bed (ash and sand). The weight loss was more gradual, Figure 4.23.  
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Figure 4.22 Total Bed Ash Thermograph. 
The thermograph revealed a weight loss of 0.7% between 85-530oC. The sharp endotherm 
detected had a corresponding weight loss of 0.4% that occurred between 530oC and 700oC. 
The overall weight loss recorded was 1.5%. 
 
The results obtained for the thermal analysis of fly ash are presented in Figure 4.24 and 
shows an initial weight loss of 1.08% between 100oC and 590oC. 
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Figure 4.23 Fly Ash Thermograph. 
A more significant mass loss (7.72%) occurred between 590-1200oC in which two sharp 
endotherms were observed. The onset of this weight loss was associated with the first 
endotherm (651oC), which may represent a primary fusion point and alkali volatilisation. A 
second endotherm occurred at 1,129oC, which is consistent with the melting point of 
refractory materials, such as MgO.  The occurrence of this high temperature endotherm is 
consistent with the relatively higher level of MgO detected in the sample. 
 
A  thermograph obtained from poultry litter ash generated in the laboratory at 550oC is 
presented in Figure 4.25  and shows an overall weight loss of 12.78%. An initial weight 
loss (2.96%) was observed between 100oC and 750oC. A more distinct weight loss (9.82%) 
occurred between 750oC and 1100oC, which directly followed a sharp endothermic peak at 
656oC, suggesting the onset of the sintering mechanism. A broad endotherm was also 
detected at 955oC. 
 
 
 
  167
84
86
88
90
92
94
96
98
100
0 200 400 600 800 1000 1200
Temperature (oC)
%
 W
t l
os
s
-8
-7
-6
-5
-4
-3
-2
-1
0
1
% Wt Loss DTA uV
 
Figure 4.24 Laboratory Ash 550oC Thermograph. 
The endotherm observed for the laboratory-generated ash was at a higher temperature than 
the bed ash samples. This is probably due to the low ashing temperature (550oC) used in 
obtaining the sample, resulting in a larger portion of potassium remaining in the sample. 
The simultaneous weight loss was probably due to potassium volatilising as the temperature 
was increased.  The endothermic peak obtained for the fly ash occurred at a similar 
temperature (651oC) to the endotherm for the laboratory ash, which showed a greater 
weight loss compared to the bed ash samples. The broad endotherm detected at 955oC may 
be due to the high level of MgO detected in the sample.  
 
Misra et al. (1993), found that thermal analysis of biomass ash resulted in significant mass 
loss (>20%) due to potassium and calcium carbonate decomposition at temperatures over 
650oC. They concluded that the mass loss observed in the range of 650-900oC was 
predominantly due to the decomposition of CaCO3 and that above 900oC was due to the 
decomposition of K2CO3 and in some cases, due to the dissociation of calcium and 
magnesium sulphate. The mass loss observed beyond 900oC in TGA results did not show 
up as endothermic peaks in the DTA. This was probably because of the slower rates of 
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dissociation of K2CO3 compared to that of CaCO3 and the thermal load accompanying 
decomposition of potassium carbonate was not significant enough to alter the heat-up 
profiles. 
 
The authors also found that increasing amounts of alkali compounds can lower the 
decomposition temperature of CaCO3. The acceleration of CaCO3 dissociation in the 
presence of alkali compounds has been attributed to improved thermal contact due to 
melting of alkali compounds, thereby enhancing the heat transfer rate to calcium carbonate 
(Misra et al., 1993). Ash, however, is a very complex and composite material and several 
ash components may have similar evaporation temperatures. This makes the identification 
of the evaporating compound difficult (Frandson 2005). 
 
The difficulty in interpreting thermal analysis of biomass ash is primarily based on the 
techniques employed. A major limitation in the use of DTA/TGA to determine ash 
behaviour is that the melting temperature cannot be predicted by laboratory 
characterisation, as it is dependent upon post-combustion reactions and physical state 
changes. The main limitations are that gas-phase reactions, reactions between gas 
components and the ash, condensation of alkali vapours, the influence of particle collisions 
in FBCs and partitioning of elements cannot be adequately simulated in the laboratory.  
 
Another major limitation is that the stickiness of fly ash is usually predicted by DTA in a 
sulphur or chlorine free fuel, in which case only the endotherms above 950-1000oC may 
apply. However, sulphur and chlorine are present in most biomass fuels and the melting 
temperatures cannot be predicted by laboratory characterisation since they are dependent 
upon post-combustion reactions and physical state change.  
 
The problem with ash fusion measurement is that hot stage microscope studies have shown 
that two ashes with similar fusion characteristics have markedly different melting and 
crystallisation behaviour and thus could perform very differently in the boiler. In such a 
case the ash fusion test would not function properly as a predictor of performance. In short, 
using ash fusion temperatures alone to predict fuel fouling and slagging tendencies is 
  169
inconclusive at best. These methods can therefore not give absolute agglomeration 
temperatures, but are useful for gaining a more fundamental understanding of ash 
behaviour in thermal conversion processes and a general guideline of ash melting 
temperatures.  The conclusive evaluation of the thermal analysis suggests that the initial 
melting point of poultry litter is likely to occur in the region of 650oC.  
 
4.7.1.4  Ash Behaviour Conclusion 
The problem with ash analysis and the prediction of fouling and corrosion tendencies based 
on ash analysis is that a number of complex chemical reactions occur in a chain as 
temperatures change during the short time that the particles are in the combustion zone. It is 
not the simple presence of certain chemical elements, but the degree to which these 
chemical reactions occur and the speed at which they move from one reaction to another as 
the various elements associate and dissociate, which determines if there is potential for 
slagging, fouling and corrosion. The balances are very delicate and that makes accurate 
prediction of the occurrence of these reactions extremely difficult. 
 
Nevertheless, practical experience and the ash analysis have shown that poultry litter as a 
fuel exhibits a significant propensity for the formation of agglomerates and deposits within 
the combustion chamber. 
 
Preventative Measures 
In order to minimise or prevent ash related problems, it is necessary for certain mitigating 
steps to be taken: 
 
• Maintaining the bed temperature below the initial sintering temperature (< 800oC) 
of the bed material/ash mixture, as generally the amount of alkali released into the 
gas phase is reduced at lower furnace temperatures. However, simply lowering the 
process temperature may result in unacceptable carbon losses due to low reaction 
rates and high CO levels unless sufficient turbulence and mixing occurs in the dense 
phase of the bed..  
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• Regular refreshment of the bed material before a critical ash-accumulation or 
agglomeration level is reached. 
• The use of aluminium-rich compounds as an alternative bed material could mitigate 
ash-related problems in a fluidised bed combustor, as it is expected that higher 
proportions of high melting solid phases can form on the surface on these materials 
and thus can reduce the formation of low melting eutectics (Vukthaluru and Zhang, 
2001).  
• Smaller bed material elevates agglomeration temperature and extends the time 
before agglomeration occurs at a given temperature. This may be the result of two 
effects: (1) smaller bed material means also more bed material surface available for 
melting components and thus thinner sticky layers less capable of sticking together 
particles and (2) more vigorous mixing and more friction between the particles 
because of the larger gap between minimum fluidisation velocity and actual 
velocity.  
• Local temperature peaks should be avoided by improving the distribution of fuel 
and air, and crucially better mixing through more uniform fluidisation. 
• High fluidisation velocities can lower the tendency for agglomeration and 
deposition. In some cases, the weakly-bounded agglomerates already formed can be 
disintegrated by temporarily increasing the gas velocity. However, a sudden 
increase of air-flow can also result in a temperature increase. 
• Mechanical breaking of large fuel particles however, the resulting fuel should not 
contain too many fines because of the risk of excessive carbon losses in the process 
caused by the relatively short residence time of fine particles.  
 
4.8      Determination of the Suitability of Ash Residue for Re-use/Disposal 
Ash constitutes approximately 15-16 wt% (as received basis) of poultry litter and the 
combustion of 150 tonnes of poultry litter would result in the generation of 22-24 tonnes of 
ash per annum. Therefore, the quantity of ash generated from the fluidised bed represents a 
significant disposal issue and the suitability for landfill disposal was assessed.  
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According to the EPA European Waste Catalogue and Hazardous Waste List (2002), 
Section 10 on wastes from thermal processes, ash is classified as a waste material. The ash 
derived from the combustion of poultry litter is not classified as hazardous waste pursuant 
to the Directive on Hazardous Wastes (91/689/EEC). However, in order to assess the 
suitability of poultry litter ash for landfill disposal, it must adhere to certain criteria in the 
Landfill Directive (1999/31/EC). This directive on the landfilling of wastes classifies 
different wastes types into three main categories; inert, non-hazardous and hazardous, and 
stipulates the type of landfill suited to the specified waste material. The acceptance criterion 
is based on the characteristics of the leachate generated from the disposal of the specified 
waste material (Ibánez et al., 2000).  
 
Leachate is defined as any liquid (for instance, precipitation or ingress groundwater) 
percolating through the deposited waste and emitted from or contained within a landfill. As 
it percolates through the waste the leachate picks up suspended and soluble materials that 
originate from, or are products of, the degradation of the waste. The composition of the 
leachate will depend on the heterogeneity and composition of the waste and whether there 
is any industrial/hazardous waste co-disposal, the stage of biodegradation reached by the 
waste, moisture content and operational procedures. The nature of the leachate changes 
with time as the waste degrades through the various stages of biodegradation (HRB, 2003). 
The purpose of a landfill is to avoid any hydraulic connection between wastes and the 
surrounding environment, particularly ground water. It is essential that the landfill is sited 
at a suitable location with an adequate protective liner system in place.  However, 
environmental damage may occur irrespective of the quality of the engineering, design, 
construction and operation of the site (Nathanson, 1997). The main environmental issue for 
the disposal of ash residue is the risk of contamination of ground water and surface water 
from heavy metals (Cai et al., 2004). 
 
Metals and metals compounds are present in raw fuel and are not destroyed or broken down 
into simpler molecules by combustion. The metals may evaporate in the furnace and 
condense eventually in the colder parts of the flues and generate an aerosol of submicron 
particles, or they become adsorbed onto fly ash particles through a range of processes. The 
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extent of evaporation of these metals and metal compounds in the furnace depends on 
complex and interrelated factors such as operating temperature, oxidising or reducing 
conditions, and the presence of scavengers such as chlorine (Williams, 2005). 
 
4.8.1  Leachate testing  
In order to assess the potential for heavy metal contamination of the leachate generated 
from poultry litter ash disposal, leaching tests were performed under different disposal 
scenarios. Two leaching (extraction) procedures were performed, the US EPA Toxicity 
Characteristic Leachate Procedure (TCLP) and the German (DIN 38414-S4) method for the 
Determination of Leachability by Water.  
The purpose of the TCLP is to simulate the mobility (leaching) of substances under very 
particular conditions in a typical landfill. The US EPA uses this procedure to determine 
whether toxic substances are likely to move from a landfill into ground water. This 
procedure does not, however, recreate actual landfill conditions, which vary widely. The 
German method (DIN) is used to provide information as to what adverse effects or risks to 
rivers and lakes can occur when the ash is stored or dumped in such a manner that it may 
come in contact with water. 
The leaching (extraction) tests were conducted using fly ash and bed ash of various particle 
sizes generated from the combustion process. The eluate, the solution obtained by the 
laboratory leaching test, was analysed for certain heavy metals (Cr, Cu, Ni, Pb, Cd), pH and 
electrical conductivity (EC), the results are presented in Table 4.13. The determination of 
the level of mercury and arsenic extracted in the DIN leachate for the total bed ash sample 
is also included. 
 
Due to the detection of high chromium levels in the various ash samples, a series of repeat 
leachate extractions were conducted on a number of ash samples. For ash samples extracted 
via the DIN method a serial extraction was conducted, which is recommended for materials 
that are less readily soluble or are present in such high concentrations that only part of them 
goes into solution even after several leaching cycles. The results are presented in Table 
4.13.  
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Table 4.13 Leachate Composition. 
Extraction 
Method Sample 
Cr 
(mg/l)
Cu 
(mg/l)
Ni 
(mg/l)
Pb 
(mg/l)
Cd 
(mg/l) pH 
EC 
(μS/cm)
COD 
(mg/l)
Fly Ash 40.94 0.32 0.10 0.39 0.08 12.75 13,500 - 
DIN Bed Ash (<63 
μm) 79.26 0.13 0.12 0.75 0.11 13.44 23,000 - 
  
Fly Ash 11.33 0.28 0.06 0.42 0.08 7.75 10,200 - 
Bed Ash (<63 
μm) 35.37 0.28 0.04 0.44 0.11 10.02 11,000 - TCLP 
Total Bed Ash 11.26 0.20 0.54 0.27 0.01 5.86 6,250 - 
DIN & TCLP LEACHATE CHARACTERISATRION - REPEAT ANALYSIS 
Fly Ash 40.6 - - - - 12.54 15,000 46 
Fly Ash 2nd 
Leachate 1.4 - - - - 12.05 1,700 40 
Bed Ash (63-106 
μm) 103.8 - - - - 11.41 15,000 192 
Bed Ash  (63-106 
μm) 2nd Leachate 5.0 - - - - 11.27 2,000 64 
Bed Ash (100-
250 μm) 56.3 - - - - 12.77 10,000 76 
DIN 
Bed Ash (100-
250 μm) 2nd 
Leachate 2.2 - - - - 11.70 1,000 35 
  
Fly Ash 15.0 - - - - 7.61 13,000 - 
Bed Ash (63-106 
μm) 45.6 - - - - 7.94 14,000 - TCLP 
Bed Ash (100-
250 μm) 27.4 - - - - 7.60 9,000 - 
 
The allowable limits of the leachate metals are presented in Table 4.14.  
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Table 4.14 Limit Concentrations for Chemical Parameters in TCLP and DIN 38414-
S4 leachates. 
Parameter TCLP Limit Valuesa 
DIN Limit Values 
(Inert Waste)b 
DIN Limit Values 
(Hazardous Waste)b 
pH Value   4 - 13 4 - 13 
Arsenic (mg/l) 5.0 < 0.1 0.2 - 1.0 
Cadmium (mg/l) 1.0 0.1 - 0.5 
Chromium (mg/l) 5.0 0.1 - 0.5 
Copper (mg/l) - 2 - 10 
Lead (mg/l) 5.0 0.4 - 2.0 
Mercury (mg/l) 0.2 0.02 - 0.1 
Nickel - 
The total of these 
metals: < 5 mg/l   
0.4 - 2.0 
 
a (Kiely, 1996) 
b (Ibánez et al., 2000) 
 
The information given in Table 4.13 was compared to the limit concentrations in order to 
classify the residue. From the results obtained it is evident that chromium was the primary 
pollutant in eluate generated from both extraction procedures. The results from the DIN 
repeat leaching indicated that the majority of the chromium was removed during the first 
extraction.  
 
Copper, nickel, lead and cadmium were present in concentrations that were classified 
collectively as non-hazardous for both extraction methods. The arsenic and mercury 
concentrations detected in the eluate of total bed ash, were 0.004 mg/l and < 0.001 mg/l 
respectively, which corresponds to non-hazardous classification. Chromium was detected in 
both eluates in concentrations higher than the hazardous range.  
 
The chromium eluate derived from the DIN extraction of fly ash and bed ash (63-106 μm) 
was characterised to establish the speciation of the element. The eluate derived from the 
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TCLP method was not analysed, as the acid present in the extraction fluid may have caused 
an oxidising effect, distorting results. The total chromium content corresponded to 
hexavalent chromium, as presented in Table 4.15. Trivalent chromium (Cr III) in the 
combustion chamber was more than likely oxidised to hexavalent chromium (Cr VI), as the 
change in oxidation number of chromium is known to occur in many technical processes 
(e.g. waste incineration) and that Cr (VI) concentration increases with temperature in an 
oxygen-containing atmosphere (Reich et al., 2002). The detection of Cr (VI) is significant 
as it directly linked to DNA damage and gene mutation.  
                                        Table 4.15 Chromium Characterisation. 
Sample Total Cr (mg/l) Cr (VI) (mg/l) 
DIN Fly Ash  36.5 36.5 
DIN Bed Ash 
(63-106 μm) 86.6 86.6 
 
It was also necessary to establish the main factors influencing the solubility of chromium, 
as higher levels of total chromium were detected in the eluate derived from the DIN 
method. The pH of the eluate samples was the main defining parameter influencing 
chromium solubility. The DIN method resulted in alkaline conditions (> pH 11) as water 
was used as the extraction fluid. The high pH values can be attributed to the inherent high 
calcium content of poultry litter ash and leaching of compounds such as Ca(OH)2 (Shim et 
al., 2003). The chromium present in the eluate was most likely CaCrO4 which is very 
soluble (Ksp = 3.7 x10-6). The TCLP used an acetic acid solution (pH 3) as the extraction 
fluid. The combination of the acidic extraction solution and the natural alkaline pH of the 
poultry litter ash resulted in a neutral pH, which reduced the solubility of chromium in the 
TCLP eluate.  
 
Heavy metal solubility is very sensitive to pH, it has gradients at < 7 and > 10, hence even 
small deviations in pH can lead to large changes in solubility (Reich et al., 2002). For 
example, the eluate from the TCLP extraction of bed ash (< 63 μm) had an alkaline pH 
  176
value of 10.02, but the chromium concentration was lower than the corresponding eluate 
derived from the DIN extraction. This may be attributed to the limited availability of metals 
at pH 10, due to several mechanisms retaining the metals to solid phases. As the 
mobilisation/demobilisation of trace metals in combustion residues is a complex process 
affected by several pH dependent mechanisms such as, (1) dissolution/precipitation of solid 
phases, (2) the amount of available sorption sites on solid particles, and (3) complexation 
with anionic ligands such as OH- and CO32- or organics (Ecke and Åberg, 2006). 
 
In addition, the particle size of the various ash samples influenced the chromium 
concentration detected in the eluates generated from the extraction procedures. Typically, 
higher levels of heavy metals are associated with fly ash rather than bed ash, as heavy 
metals tend to concentrate on the finer grained size fraction of the particulates. The heavy 
metals are associated with the particulate matter, because of the volatilisation of metals 
during the combustion of the fuel, subsequent condensation at lower temperatures and 
adsorption onto the fine particulates in the flue gas (Williams, 2005). In general, 
volatilisation of metals increases with furnace temperature, therefore volatile metals such as 
cadmium, lead, zinc and arsenic are expected to have higher transfer rates to fly ash as the 
furnace temperature increases.  Similarly, the formation of metal chlorides due to high 
chlorine content in fuels, increases metal volatilisation as chlorides tend to be more volatile 
than metallic forms or oxides (Youcai et al., 2004). Chromium, however, is a lithophilic 
metal and is not considered thermally mobile during combustion and should remain mainly 
in the bed ash. The high level of turbulence and entrainment of solid particles of fly ash in 
fluidised beds, however, might result in higher chromium concentrations in fly ash samples 
(Ryabov et al., 2003). 
 
Higher chromium levels were detected in the bed ash samples in both extraction 
procedures, which may be due to the greater surface to volume ratio, as the bed ash samples 
analysed (63-106 μm and 100-250 μm) were finer than typical bed ash and the smaller the 
size the greater the extraction. The fly ash sample analysed had a particle size range of 19-
300 μm and an average particle size of 125 μm. 
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Due to the characterisation of the ash as hazardous waste due to the excessive chromium 
levels, it was necessary to establish the source of the chromium. As the original combustion 
unit was irreparably damaged due to excessive operational temperatures during the 
combustion trials, a replacement unit was put in place. Ash samples from the combustion 
process conducted in both FBCs were analysed, to assess the impact of the condition of the 
combustion chamber on ash composition. Poultry litter ash and wood shavings ash 
generated in the laboratory were analysed in conjunction with poultry litter, wood shavings 
and poultry feed. The results are presented in Table 4.16. Iron and nickel concentrations 
were also determined, as they were the main structural components of the combustion 
chamber.  
 
The presence of copper was determined during this analysis, as both copper and iron can 
have a significant catalytic effect in relation to dioxin formation (Chagger et al., 1997).  
Table 4.16 Chemical Characterisation of Ash Residue. 
Sample Chromium (mg/kg) 
Iron 
(mg/kg) 
Nickel 
(mg/kg) 
Copper 
(mg/kg) 
Poultry Litter Lab Ash (550oC) 0.0 1471.7 0.0 367.9 
Wood Shavings Lab Ash (580oC) 28.6 3208.0 0.0 1759.2 
Bed Ash 63-106 μm (Original 
FBC) 1299.5 1943.4 47.3 422.5 
Bed Ash 106-250 μm (Original 
FBC) 2527.9 7110.7 900.5 180.0 
Fly Ash (Original FBC) 1023.3 2146.7 50.1 536.7 
Bed Ash (Replacement FBC) 0.0 2124.9 0.0 52.5 
 
The results indicate that poultry litter ash and wood shavings ash did not contribute to the 
high levels of chromium detected in the leachate. Nickel was not problematic in relation to 
the leachate, however it was detected in the bed ash and fly ash of the original combustion 
chamber, indicating that it was not mobile at the relevant pH values. Ash from the 
replacement FBC unit had zero chromium or nickel and relatively low iron levels, 
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suggesting that the earlier contamination resulted from the condition of the fluidised bed 
structure itself. This was verified by low levels of chromium detected in the poultry litter, 
wood shavings and poultry feed (Table 4.17). 
Table 4.17 Chromium Concentration in Poultry Litter, Wood Shavings and Poultry 
Feed. 
Sample 
Average Chromium 
(mg/kg) 
Range Chromium 
(mg/kg) 
Poultry Litter 5.61 0 - 7.2 
Wood Shavings 0.02 0 - 0.04 
Poultry Feed 0.984 0 - 3.6 
 
As the combustion chamber was constructed from 316 austenitic stainless steel, which 
consists of iron, nickel (12 wt%) and chromium (18 wt%), the source of the excess 
chromium and nickel concentrations in the ash were attributed to the excessive 
temperatures and strain placed on the combustion chamber. Nickel-chromium alloys are 
used as coatings to deal with oxidation environments at high temperatures, theoretically, 
they are suitable for use up to 1,200oC, although in practice use is limited to temperatures 
below about 800oC. The atmosphere in boilers generally has sufficient free oxygen content 
to account for a combined erosion-corrosion process, consisting of an oxidising gas at 
elevated temperatures carrying erosive fly ash which impact against metallic surfaces 
(Hidalgo et al., 2001). Another possible cause is that at metal temperatures above 520oC 
chlorine is known to attack and remove chromium from steels (Frandson, 2005).  However, 
the extent of attack in such environments is dependent on a wide range of variables such as 
erodent particles, atmosphere composition and corrosiveness, temperature and coating 
characteristics. It is generally recommended that for a chlorine-bearing atmosphere, 310 
stainless steel is used which contains a higher proportion of nickel.  
 
Heavy metals were the main parameters examined. It was not deemed necessary establish 
the level of organic pollutants, as the carbon should be fully combusted and not present in 
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the ash residue. The organic matter of the ash was determined, as presented in Table 4.18. 
The organic matter present is suspected to be unburned material and not any major organic 
pollutant. These results compare well with the low COD (Chemical Oxygen Demand) 
values obtained for the various leachate samples,  presented in Table 4.13. Organic loading 
is the term that refers to the organic compounds present in the leachate. The main 
significance of organic loading is its effect on water quality where organic matter is broken 
down aerobically causing dissolved oxygen levels in the watercourses to fall and threaten 
fish viability.  
Table 4.17 Organic Matter in Fly Ash and Bed Ash. 
Sample  Organic Matter (%) 
Bed ash 0.57 
Fly ash 0.56 
 
 
The conductivity of the leachate was also determined (Table 4.13). The level of 
conductivity in the leachate for the various ash samples compared well with average 
landfill leachate conductivity, which can range from approximately 5,000-52,000 μS/cm 
(EPA, 2000).  
 
The batch leaching tests used to characterise the leachate provided information about the 
availability of easily leachable constituents in the tested material at the moment of testing, 
however, they do not provide direct information concerning the leaching behaviour and 
leachate composition under actual conditions of waste exposure. Nonetheless, they provide 
a valuable indication of potential water contamination that may occur from the leachate 
produced.  
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It can be concluded that poultry litter ash could be disposed of safely in a landfill disposal 
site. It is recommended however, that regular testing of the ash be conducted to minimise 
the risk of environmental contamination. 
 
4.9 Conclusion 
The primary objective of the project was to develop, demonstrate and test a fluidised bed 
combustor on a poultry farm in West Limerick.  
• Initial combustion testing of poultry litter as well as co-combustion of poultry litter 
and peat at INETI in Lisbon demonstrated that small-scale  fluidised bed offered a 
viable option for the disposal of poultry house waste. 
• A fluidised bed combustion unit was designed and fabricated in Lisbon and 
delivered on site in Co. Limerick.   Difficulties were encountered with construction 
and commissioning of the unit on site.  These difficulties were primarily with the air 
handling and delivery system and the design of the gas ignition system.  Alternative 
solutions were put in place.  In addition, the efficient use of cyclone supplied 
required an induced draft fan which was not included in the design.  The cyclone 
was never operational.  
 
The bed was tested under a variety of operational conditions. The primary difficulty 
encountered during the combustion trials was agglomeration within the bed, which impeded 
fluidisation and optimum combustion conditions. This was overcome by adequate 
temperature control and fuel preparation.  
•  The main problems encountered were 
o Poor temperature control within the bed and the freeboard.  This problem 
arose primarily due to difficulties with the litter feed system in particular 
choking. 
o Agglomeration of bed material due to the inherent high ash content and level 
of low melting compounds in poultry ash.  The silica sand may have played 
a significant role in the formation of agglomerates, which impede 
fluidisation. 
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o To minimise ash to minimise or prevent the ash related problems, it was 
necessary for certain mitigating steps to be taken, such as, fuel preparation to 
reduce particle size, lowering the bed temperature below the initial sintering 
temperature (<800oC), and regular refreshment of the bed material before a 
critical ash-accumulation or agglomeration level was reached.   
o The ash analysis exposed the impact of poor temperature control on the 
combustion chamber. The disposal of the ash generated from the combustion 
process was also examined through a series of leachate experiments. These 
results revealed that excessive temperatures and poor design of the 
combustion chamber resulted in contamination of the ash with chromium. 
Once the source of the problem was established, the ash was characterised as 
an inert material and was deemed not to pose a threat to the environment and 
therefore could be disposed of safely. 
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5.1 Introduction 
A focus group of chicken growers was conducted in the Courtenay Lodge Hotel in 
Newcastle West, on Thursday September 13th 2002. A total of 17 people took part 
in the focus group, which lasted approximately two hours. The focus group was 
mediated by Sean Reidy. The discussion that took place was taped, and the tape 
subsequently analysed in order to produce this report.  
 
The results of the focus group discussion are summarised in the following sections. 
 
5.2 Questions 
 
1 Do chicken growers see a problem with present methods of waste disposal? 
Participants in the focus group discussion said that disposing of their waste was not 
a problem in 2001. There was a major problem regarding waste disposal three years 
before. The problems arose because of the wet weather affecting the countryside at 
the time. It was virtually impossible to carry out land spreading or any waste 
disposal methods. It seriously affected people that had no land or full slurry pits. In 
2001 the weather conditions were mainly dry so there was no problem of disposal. 
However, because of the uncertainty of the weather, waste disposal may again 
become a problem.  
 
Another important issue is the fact that, in future, farmers will be limited in terms of 
the amount of slurry they can spread. 
 
2 Have growers any solutions to overcoming these problems? 
Any solution to solve the problem will involve capital expenditure. It is basically a 
cost- benefit analysis. 
Report on chicken growers’ 
focus group                                                                    
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One method is anaerobic digestion. Basically you are starting with a dry material 
and your end result is a wet material. The wet material can be then composted to 
form a compost material. No energy has been extracted. This would continue to be 
the most used mechanism at present.  
3 What do people think will happen in future to waste disposal? 
The general consensus is that there will be more restrictions in place. This could 
prevent operators from expanding their operations. Transport of the waste material 
may become more restrictive. 
 
Another major issue will be nutrient management on the land. This is likely to be 
regulated in the future. 
 
4 Do growers think there will be any licensing law changes, which will affect them? 
The E.P.A. will decide the laws governing chicken farming in the future. The E.P.A. 
wants a G.I.S. system put in place for nutrient management nationally in agriculture. 
People with enterprises such as chicken farming will be obliged to have the facility 
to hold a certain amount of slurry. This will be dictated by the size of the farm and 
they will be told exactly when and how much slurry to spread on their land. The 
E.P.A. will enforce this system once licensing and regulation have been put in 
place. 
 
5 What is growers’ current waste surplus? 
The farmers interviewed said that, currently, the huge demand from the mushroom 
industry means there is no waste surplus. However, if the punt/sterling relationship 
changes, the mushroom industry may be affected and a waste surplus could become 
a reality. At present, waste surplus is not a problem. However, that is dependent on 
factors farmers’ control in the future. 
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6 What are the general heating costs growers must pay? 
On average €5000 - €6500 is spent on gas annually. This varies slightly depending 
on the age of the house and level of insulation.  
 
7 What are the general collection costs growers must pay? 
Currently, there are no collection costs, as the mushroom industry collects the waste 
free. 
8 What is the preferred bedding material used by local growers? 
Straw is the preferred bedding material as it is the cheapest. It is also difficult to 
obtain wood shavings/wood chips, and they are expensive. 
 
9 Do growers encounter any difficulties with odours from their chicken houses? 
Yes difficulties are encountered with odours from chicken houses. 
 
10 What would encourage them to use the system as outlined? 
It is a means of disposing waste, which will be a problem in the future. It would also 
offer the potential to reduce heating costs. 
 
11 Would this concept meet their future requirements? 
The farmers interviewed said that a demonstration is needed to firstly determine 
how efficient the new concept will be in practice.  The range and sizes of equipment 
will vary also depending on the number and sizes of the chicken houses. 
 
12 What are the main problems growers see with such a system? 
A big problem would be the storing of the litter beside the houses especially if there 
is any disease problem. 
 
Switching to wood shavings would only be an economic problem. However, 
availability might be an issue also. 
 
The size of the unit could be a factor. 
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13 Where do growers think such a system should be located? 
It should be located approximately 50-60 feet from the chicken house, on the 
outside. 
 
Different sites will have different requirements, according to the farmers 
interviewed. 
 
14 How would they suggest that the storage problems be overcome? 
Storing a batch of litter for six weeks may not be permitted. Proper transportation of 
the material in airtight containers will overcome this problem. 
 
15 If this system proved effective and provided them with free heat do they think 
it would change the way they would manage their sheds? 
Yes it would mean better ventilation in the sheds. Condensation would also be 
reduced. 
 
16 If this proved to be a more labour intensive system but provided growers with 
free heat do they think that growers would opt for it? 
 
The growers interviewed said that they would definitely opt for this system. More 
labour involved would not really be an issue, at least for some of them. Better 
conditions in the house mean better quality birds and healthier birds, according to 
the growers involved. 
 
17 Do they think many of the growers would consider using the ash by-product, 
which is a nitrate-free material? 
Nitrate is not a constraint. Phosphate is the constraint on the farmers concerned. 
This inorganic material could be sold to fertiliser compounders. Using it would be 
very problematic for local growers e.g. in terms of applying it to the land. 
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18 Do they think that such a system would appeal to local growers? Why? 
This system will appeal to local growers if it reduces costs and eliminates other 
problems that growers have.  
 
If the pilot project were successful then the system would be very appealing to 
growers. 
However the E.P.A. must grant permission to growers to use this system first.  
 
19 Do growers think that such a system would appeal to national growers and 
why? 
“Yes, if it suits one it will suit all.” The growers interviewed felt that, nationally, 
growers were likely to face the same problems and constraints that they did. 
 
20 What are the practical problems growers see with such a system? 
Lack of wood shavings could be a problem and possibly would have to be imported 
from the UK. The cost of the system, and the requirements to adapt existing chicken 
houses i.e. installing under-floor insulation would have to be considered. During the 
discussion, it emerged that many of the existing chicken growing facilities did not 
have insulation in the floors. If under-floor heating is to be considered as an option 
in chicken houses (as opposed to air heating) then floors would need to be insulated, 
and there would be a cost to this. 
 
21 Do growers think that current practices will continue to work better for them? 
The current system is satisfactory for the moment. However problems are foreseen 
with this system in the future, given the likelihood of more stringent regulations. 
 
22 Do growers think that the proposed system is viable? 
The system will be viable if it is efficient and operates with minimal labour 
involved. The growers interviewed expressed a desire to see how the system 
operated on a pilot basis on one chicken farm initially. 
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23 Other comments 
The most hazardous part of the system is when the ashes are being taken out, 
because of the high temperatures involved. Care would have to be taken to ensure 
that users of the proposed system were trained in how to do this safely. 
 
5.3 Summary and Conclusion 
While the farmers interviewed recognised that waste disposal could be a problem 
for them in the future, currently they are not experiencing a problem. They 
recognised that solutions to this problem will involve some capital expenditure. 
Currently, anaerobic digestion was one waste disposal method under consideration. 
 
The expectation of the farmers interviewed was that waste disposal and 
transportation will be subject to more restriction in future, as will be nutrient 
management on the land. It is expected that the EPA will enforce a system of 
nutrient management in future, once regulations have been put in place. 
 
However, due to the demand from the mushroom industry, currently the farmers 
interviewed have no real waste surplus, so they do not have a problem with waste 
disposal. The mushroom industry collects their waste free of charge. This could 
change in the future however. 
 
At present, most of the chicken farmers interviewed are spending €5000 to €6500 
on gas annually to heat their chicken houses. This varies depending on the age of 
the house and the level of insulation. 
 
The growers currently encounter problems with odours from chicken houses. 
All of the growers interviewed currently use straw as their preferred bedding 
material, as it is the cheapest material and wood shavings or chips are difficult to 
obtain and are expensive. Having to change to wood shavings could present a 
problem in terms of supply.  
  192
 
The main things that would encourage farmers to convert to the new system would 
be: 
o Waste disposal, if this becomes a problem in the future 
o The potential to reduce heating costs 
o The potential to have better healthier and better quality birds 
 
The main problems foreseen with the introduction of the system would be:  
o Having to store litter close to the chicken houses to dry it. Storing litter for up to six 
weeks may not be permitted 
o Having to switch to wood shavings if obtaining them is difficult 
o The physical size of the fluidised bed unit, which is large 
o The cost of introducing the system 
o The need to adapt existing chicken houses – introduction of under-floor insulation 
etc. 
 
The system will appeal to local growers if it is seen to reduce costs and eliminate 
other problems. The pilot project must be seen to be successful first. If the system 
suits local growers, it was felt that it would suit other chicken growers nationally. 
 
If under-floor heating were to be considered, rather than air heating, then the floors 
of chicken houses would have to be insulated. The discussion revealed that 
currently, many chicken houses do not have insulated floors.  
 
Though the chicken farmers interviewed could see the potential of the new system 
and were interested in it, the fact that they do not have an urgent waste disposal 
problem may mean that they are slow to invest in it. In addition, the need to upgrade 
their chicken houses and to switch to a new source of bedding material in order to 
use the new system may present barriers to its adoption in the near future. In the 
longer term, altered circumstances may either encourage or force chicken farmers to 
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adopt the new system but, until that happens, inertia may cause them to be slow to 
change. 
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6.1 Introduction 
 
An economic assessment was conducted to determine the viability of the installation and 
operation of the fluidised bed combustor. 
 
Project economic analysis is based on estimating and comparing costs and benefits during 
the economic life of a project. Analysis is usually limited to those costs and benefits 
directly attributable to the project (Zerbe Jr and Dively, 1994).  
 
The aim was to provide as accurate a cost-benefit analysis as information allowed for the 
alternative waste disposal system. The study identified all the impacts relating to the use of 
the FBC system, but evaluated only those which had economic significance and for which 
data was available. These were identified and quantified where possible in the section 
focusing on the economic evaluation of the project. 
 
 6.2 Methodology 
The methodology used to establish the feasibility of the project is a widely used cost-
benefit analysis called Net Present Value (NPV). This is an investment appraisal technique 
used to assess the economic value of capital projects. 
 
The Net Present Value (NPV) of a project represents the present value of all relevant initial 
and recurring cash-flows (costs and benefits) over the life of the project, discounted to their 
present values at a discount rate.  The discount rate chosen is a key variable in the NPV 
calculation. Discounting is converting a future amount of money to a present value (Parkin, 
2003). A higher discount rate results in a lower NPV, so it is important to choose a discount 
rate that is appropriate for the project, yet conservative, by being higher than the real cost of 
borrowing for the project. The other key variables are the estimated values of the costs and 
benefits attributable to the project. The significance of the NPV as a measure of the value 
 
Economic Analysis 
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of a project depends on these inputs. If the NPV of a project is greater than zero the project 
increases real wealth and if the NPV is less than zero it decreases real wealth. 
 
Costs included the initial investment outlay and recurring operating costs which facilitate 
the new waste disposal procedure. Benefits included relevant income and cost savings from 
the project. Only quantifiable costs and benefits that were directly attributable to the project 
were included in the NPV calculation. For example, the cost of removing litter from the 
production house was excluded as this would have been incurred regardless of whether or 
not the project was implemented. The cost of disposal of the litter (land spreading), 
however, was a cost saving that was directly attributable to the project, and was therefore 
included in the NPV calculation. 
  
6.3 Economic Quantification  
Initial project costs incurred are generally quantified based on current market prices for the 
capital cost of purchasing and installing equipment, as well as the initial set up costs.  
Tangible benefits such as cost savings and additional income attributable to the project 
occur each year over the life of the project, and must be estimated. In this analysis, it was 
assumed that the net cash-flow per annum (benefits less costs) would not change over the 
life of the project. Where benefits are intangible and not easily valued, they are excluded 
from the economic analysis. 
 
The costs and benefits were divided into tangible (quantifiable) and intangible 
(unquantifiable) groupings. Note that only the costs and benefits that arose specifically 
from the implementation of the project were relevant for the analysis. Although intangible 
benefits were not relevant for the NPV analysis, they were relevant to the decision to accept 
or reject the project where the NPV is less than or near zero. The following estimate is for a 
typical 25,000 bird poultry unit: 
 
Costs  
 Initial Costs: 
• Cost of purchasing and installing the FBC and process control unit. 
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• Cost of construction of a storage facility for poultry litter. 
 Recurring Costs: 
• Operating and maintenance costs. 
• Cost of the Liquefied Petroleum Gas (LPG) for the initial heating of the 
unit. 
 
Tangible Benefits 
• Energy savings. 
• Waste disposal savings. 
• Fertiliser savings. 
• Excess energy production. 
• Transport costs. 
 
Intangible Benefits 
 
                  Environmental: 
• Reduction in land spreading. 
• Reduced CO2 output. 
• Increased public confidence in the environment. 
• Improved water quality. 
                  Agriculture: 
• Enhanced reputation as a clean producer. 
                  Tourism: 
• Extra revenues most likely from fishing tourists. 
 
The first stage in the NPV calculation involved establishing the relevant costs and benefits. 
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6.3.1 Initial Investment 
 
Fluidised Bed Combustor & Process Control Unit: 
This cost included the FBC unit, fans, heat exchanger and dispersion pipe and fans. The 
initial cost of purchasing and installing a basic FBC unit: €75,000. 
 
It should be noted that the combustor would have a life cycle of approximately 20 years as 
estimated by the life cycle of similar but larger units in Fibrowatt UK. Therefore the 
replacement of the capital investment should not arise for quite a number of years. 
 
Storage Facility: 
A purpose built storage facility for containment of the poultry litter prior to combustion: 
€25,000. 
 
6.3.2 Operating Costs 
 
Liquefied Petroleum Gas (LPG): 
The FBC is initially fuelled by LPG in order to provide optimum combustion temperature: 
€700 per annum. 
 
Fans: 
A 2.2 kW fan is used to supply the primary air into the furnace and a 0.11 kW fan is used to 
supply secondary air. At present the ESB’s commercial rates for electricity are: 15.25 cent 
per kWh by day (09:00 – 00:00) and 6.16 cent by night (00:00 – 09:00), including VAT. 
Therefore the running of these fans for approximately 8,000 hours a year, allowing 
downtime for maintenance, using a double tariff metre, would cost €2,190. It would cost 
approximately €6.26 per 24 hour for the operation of the primary fan and €0.31 per 24 hour 
for the operation of the secondary fan. These costs do not include standing charges for the 
electricity line. 
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Insurance:  
Following consultations with Teagasc Head Office, a figure of less than 1% of capital costs 
was considered appropriate for such a furnace. With the capital cost of the core FBC unit 
being €75,000, an estimate for insurance would be €750 per annum. 
 
Maintenance:  
In the absence of any maintenance history for the present working model it was necessary 
to use an alternative method to estimate maintenance costs. It was determined that 5% of 
capital costs would be appropriate, therefore an estimate of €3,750 a year was used for 
maintenance. However, due to the expectation of minimum operational problems, 
maintenance reserves would accumulate over a number of years and may not in fact result 
in expenditure of €3,750 every year. 
 
6.3.3 Poultry Production Costs 
These costs are not directly attributable to the project and would accrue regardless of 
whether the project was implemented or not, nonetheless, certain costs have been displayed 
as an indication of other costs involved. 
 
Wood Shavings:  
At a cost of €500 per cycle a total estimate of €3,000 is expected per year. Straw may be 
used as bedding material; it is a cheaper material at €250 per cycle thus totalling €1,500 per 
year. Nonetheless, wood shavings are more compatible with the combustion process, and 
irrespective of cost were chosen as the preferred material. This cost has not been included 
in the model. 
 
Litter Removal: 
Irrespective of disposal method the poultry litter must be removed from the production 
house. Information from the producers in the Kantoher area indicate that the current cost 
for the removal of the litter from the production house after each cycle is approximately 
€140. Therefore, the total cost for the clean out of the shed is €840 per annum. This cost 
has not been included in the model. 
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6.3.4 Benefits  
 
Energy Savings:  
Producers use approximately 3,520 litres of LPG per batch to heat the production sheds, 
totalling 21,120 litres per annum. Currently LPG costs 42.0 cent per litre (Calor Gas – 
March 2007), which results in a cost to the producer of €8,870 per annum. The 21,120 litres 
used however, represents the minimum amount of LPG necessary to heat the production 
shed and therefore savings could be far greater if the fuel source was free, as with poultry 
litter. The new system will have the potential to heat the sheds to the optimum level, 
providing an enhanced environment for the birds, which corresponds to approximately 
33,330 litres of LPG per annum, and thus will result in a real saving of approximately 
€14,000 a year. 
 
Excess Energy Production:  
Based upon the heating value of LPG (propane) at 25.4 MJ/l (Culp, 1991), 33,330 litres of 
LPG corresponds to a theoretical energy consumption of 846.6 GJ. Therefore, it is 
estimated that of the 150 tonnes of litter produced each year, 70 tonnes would be required 
to heat the production shed, based upon a heating value of 12 GJ/tonne of poultry litter. 
This results in a surplus of heat, which could be used to heat a domestic building. A heat 
exchanger is already in place in the FBC in order to heat the production house, thus for 
domestic purposes additional piping and modifications would be required which would 
incur additional costs. If the system was utilised for home heating purposes, it could 
displace the current heating costs from fossil fuels. A typical bungalow of 140 m2 generally 
consumes 2,000 litres per annum. At a cost of 64.9 cent per litre for home heating diesel 
(Estuary Fuel - April 2007) this would save €1,298 per annum. This figure, however, was 
not included in the analysis.  
 
Waste Disposal Savings:  
The present rate for the removal of poultry litter from the production site and ultimate 
disposal varies from €90 to €300 per cycle. Therefore the utilisation of the litter on site for 
the generation of heat removes this disposal cost of €1,800 per year.  
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The potential cost of escalating waste disposal fees could eventually turn out to be the most 
significant cost, as increasing pressure from various legislation and programs such as 
Nutrient Management Planning could significantly increase these costs in the near future. 
The environmental damage from the land spreading of the litter is the main driving force 
behind sourcing an alternative disposal method. 
 
Fertiliser:  
The combustion of poultry litter reduces the waste volume to approximately 15% of the 
original volume. Therefore, 150 tonnes of poultry litter would be reduced to 22.5 tonnes of 
ash. The ash is rich in phosphorus and potassium and thus has the potential to be utilised 
and marketed as a fertiliser.  
 
The marketability of the ash as a fertiliser would depend on a variety of parameters, such as 
particle size, and phosphorus and potassium concentrations. The necessity for formulation 
and granulation would have to be assessed and would incur additional costs. Similarly, a 
separation/sieving system would have to be put in place to remove the silica sand from the 
ash. However, the ash could be used in its original state and save the farmer the cost that 
would otherwise be incurred on agricultural fertiliser. The use of the ash as a fertiliser is 
dependent on the composition of the ash and that it does not pose any significant risk to the 
environment.  
 
The quantity of ash generated in the combustion process is approximately 22.5 tonnes per 
annum, in the general operation of the unit it would be unlikely that all of the material 
would be fully retrieved. Therefore, allowing for 10% of the ash to be unaccounted for, 
approximately 20.25 tonnes per annum of ash would be available.  
 
Phosphorus and potassium fertilisers of different ratios such as 0:7:30 and 0:10:20 were 
priced at €11.45 (per 50 kg bag) at Kerry Group (April 2007). Without adequate market 
evaluation, it is difficult to say whether the ash could be sold at the same rate as 
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commercial fertilisers. Nonetheless, based on these figures, the cost saving arising from the 
use of the resultant ash would be €4,637. 
• 50 kg  =  €11.45 
• 1,000 kg =  €229 
• 1,000 kg =  1 tonne 
• 20.25 tonnes = €4,637 
 
Thus, approximately €4,637 could be saved/generated by using the ash in place of 
purchased fertiliser. 
 
Conversely, if no potential use/market can be identified for the use of the ash as a fertiliser, 
additional costs maybe incurred for the disposal of the ash residue. The removal and 
transport of the ash to a landfill (depending on acceptability) by the poultry producer is not 
feasible, as he/she would require a waste collection permit. Therefore, a commercial 
operator would be required for the ash removal. This would involve the use of a skip, 
typically 12 m3 in size, capable of holding approximately 10 tonne of poultry litter ash. 
Consequently, based upon current commercial disposal rates from Mr. Binman (April 
2007), the potential costs incurred from the ash disposal are €4,209. The current cost for 
skip hire is €130 per skip, therefore 20.25 tonnes of ash would require the use of two skips 
per year. Similarly, the commercial disposal rate per tonne is €195. 
 
Therefore, the two possible scenarios involving, Scenario I - the exploitation of the ash as a 
marketable commodity and Scenario II - the disposal of the ash in a local landfill in the 
Limerick region, were included in the economic analysis. 
 
CO2 emissions:  
The combustion of 150 tonnes of poultry litter would result in 135 tonnes of CO2 generated 
per annum. As poultry litter is considered a carbon neutral fuel it could represent a valuable 
commodity in emissions trading under the Kyoto Protocol. This would result in a market 
price per tonne of CO2 as countries that have not exceeded their emissions quota could sell 
unused capacity to countries having difficultly in reaching there emissions targets. 
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Emissions trading began in the EU January 2005 on a pilot scale, which will run until 2007. 
There are approximately 115 installations involved in Ireland, which must be greater than 
20 MWth to take part in the program. Currently, one tonne of CO2 costs approximately 
€13.50  although it can change based on market variability (Hussy, 2006). Therefore, if this 
project was capable of taking part in the emissions trading arrangement it would be worth 
€1,820 per annum. Although, a project of this scale does not qualify under the current 
emissions trading practice, it may represent a valuable source of income in the near future. 
This figure was not included in the economic assessment. 
 
6.4 Cost Benefit Analysis - NPV  
In financial terms the NPV of a project is the sum of its discounted cash flows. If the NPV 
is greater than zero the project increases real wealth. If the project results in a negative 
NPV the project decreases real wealth. However, it must be noted that even with a negative 
NPV figure serious consideration must be given to the intangible benefits associated with 
the project before an investment decision is made.  
 
The 10% discount rate used in the NPV calculation is a conservative (high) discount rate, as 
it is significantly higher than the cost of borrowing for such a project. This discount rate 
can also be viewed as the required rate of return for the project (i.e. if the projects rate of 
return is in excess of 10%, the project will have a positive NPV and will be accepted from 
an economic perspective). The initial investment, operating costs and tangible benefits are 
displayed in Tables 6.1, 6.2, 6.3, 6.4 and 6.5. 
Table 6.1 Initial Investment. 
Initial Outlay € 
Combustor & Process Control Unit 75,000 
Storage 25,000 
Total 100,000 
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Table 6.2 Operating Costs not including Ash Disposal Costs (Scenario I). 
Operating Costs per annum € 
Fans (8,000 Hrs) 2,190 
LPG 700 
Insurance 750 
Maintenance 3,750 
Total 7,390 
 
Table 6.3 Tangible Benefits including Fertiliser Savings (Scenario I). 
Tangible Benefits per annum € 
Natural Gas Savings 14,000 
Waste Disposal Savings 1,800 
Fertiliser Savings 4,637 
Total 20,437 
 
The figures displayed in Tables 6.2 and 6.3 are the costs and savings derived from the 
project based upon the potential use of the ash as a fertiliser. If the ash has no market value, 
the operating costs and tangible benefits will obviously differ from Scenario I. The costs 
and savings from Scenario II are displayed in Tables 6.4 and 6.5. 
 
The operational costs would increase due to the potential costs that would be incurred for 
the ash disposal. 
  204
Table 6.4 Operational Costs including Ash Disposal Costs (Scenario II). 
Operating Costs per annum € 
Fans (8,000 Hrs) 2,190 
LPG 700 
Insurance 750 
Maintenance 3,750 
Ash Disposal 4,209 
Total 11,599 
Table 6.5 Tangible Benefits excluding Fertiliser Savings (Scenario II). 
Tangible Benefits € 
Natural Gas Savings 14,000 
Waste Disposal Savings 1,800 
Total 15,800 
 
If the ash has no market value the savings derived are reduced to €15,800. 
 
The NPV was calculated for both scenarios, involving the use of ash as a fertiliser and the 
disposal of the ash. 
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6.4.1  Calculation and interpretation of projected NPV 
 
Formula for Net Present Value: 
  
CF1    CF2   CF3  CFt  
NPV =  
 
CF0 + 
(1+r) 
 
+ 
(1+r)2
 
+
(1+r)3
 
+ 
 
……. 
(1+r)t 
 
 
r =  Discount rate 10% 
t =  Time period 20 years 
CFt =  Net Cash flow in period t  
 
Scenario I: Tangible Benefits including Fertiliser Savings. 
 
T0 = (€100,000), T1 to T20 = €13,047 
 
NPV projected: €11,076. 
 
Scenario II: Tangible Benefits excluding Fertiliser Savings. 
 
T0 = (100,000), T1 to T20 = €2,867 
 
NPV projected:  - €64,235. 
 
The economic success of the utilisation of a FBC for the disposal of poultry litter is 
significantly reliant on the marketability of the ash, as indicated by the NPV derived for 
both scenarios. The projected NPV of the project is greater than zero for Scenario I, 
therefore the project should be accepted from an economic point of view. Based upon 
Scenario II, the project is not economically viable, however, the environmental 
considerations should be a predominant factor when considering a project of this nature. 
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The landfill disposal of the ash is not foreseen for the project, as the ash may also be used 
as road aggregate for example. 
 
Further considerations promoting the acceptance of the project for Scenario I are: 
1) The high discount rate used in the NPV calculation, as 10% is significantly in 
excess of the cost of borrowing for such a project. A lower discount rate would 
result in a higher NPV. 
2) Several other potential tangible benefits may accrue from the project (e.g. the 
potential to use excess energy produced for domestic heating). 
3) The substantial environmental benefits arising from the project (e.g. improved 
water quality, displacement of fossil fuels). 
4) Costs and benefits attributable to the project are assumed to be constant over the 
life of the project. In reality, the value of the benefits are likely to increase at a 
higher rate than the costs, as energy prices continue to rise. This will lead to a 
greater cash flow in future years, and result in a higher NPV. 
 
6.5   Beneficiaries 
From a purely economical point of view, the only beneficiary relevant to the NPV analysis 
is the poultry producer who implements this waste recovery system. However, there are 
other groups of persons who will benefit from the possible environmental investment in 
Kantoher (Table 6.6). 
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Table 6.6   Beneficiaries of Environmental Investments 
Beneficiaries of Environmental Investments 
Impact Beneficiaries 
Tangible  
Energy Saving Individual Farmers 
 
Waste Disposal Saving Individual Farmers and Local Authority 
 
Fertiliser Saving Individual Farmers and Local Buyers  
 
Excess Energy Production Individual Farmers  
 
Transport Costs Kantoher Poultry Producers 
 
Intangible  
Reduced Land Spreading Local Farmers of all types, Teagasc and the EPA 
 
Reduced CO2 Outputs All concerned with the affect of greenhouse gases 
both national and international. 
 
Public Confidence in the Environment Local and National Government 
 
Improved Water Quality Local households 
 
Reputation as a Clean Agricultural 
Producer 
Local and Regional agriculture 
 
Tourism 
 
Locals and Fishing tour operators 
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6.6 Conclusion 
 
• The introduction of a FBC system is an economically viable alternative 
(depending on certain conditions) to the present system of land spreading, even 
without taking into account the potential non-quantifiable environmental 
benefits.  
• The Kantoher poultry producers appear open to the idea of an alternative waste 
disposal/recovery system. 
• Projected waste disposal fees for current waste disposal practices (i.e. land 
spreading) are predicted to increase significantly. It is worth noting that waste 
disposal savings are projected conservatively in the cost-benefit analysis.  
• The payback period for the capital cost of installing the equipment is just under 8 
years. 
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24 Summary and Conclus 
25  
26 ions 
7.1  Summary and Conclusions 
A fluidised bed combustion unit was selected for the thermal treatment of poultry litter, 
with the aim of promoting the use of poultry litter as a renewable energy and thereby 
displacing the air pollution and emissions of greenhouse gases associated with non-
renewable energy sources, which would otherwise be used to heat the poultry production 
unit. 
 
The poultry litter was analysed to establish its fuel properties. It was characterised by high 
moisture (40%), ash (16%) and volatile content (37%) and relatively low fixed carbon 
content (8%). The high moisture and ash content were found to negatively impact on the 
heating value of the fuel, which was determined to be approximately 10 GJ/tonne. The 
elemental characterisation of poultry litter identified the potential for the generation of 
pollutants such as NOx, HCl and dioxin/furan formation, due to significant levels of 
nitrogen and chlorine. 
 
To examine the feasibility of thermally treating poultry litter, it was necessary to establish 
the combustion behaviour of the fuel in an operational fluidised bed combustion unit. This 
investigation was conducted by the University of Limerick using bench scale and pilot 
scale experimental facilities at INETI (National Institute of Engineering and Industrial 
Technology), an energy research organisation based in Portugal. The combustion tests 
proved that the thermal treatment of poultry litter was a viable option, however, adequate 
fuel preparation to reduce the moisture content of the poultry litter to less than 25% was 
deemed necessary to allow for autogenous combustion. Optimum combustion conditions 
were obtained with adequate fluidising velocity and air staging with some degree of 
turbulence, which resulted in reduced CO and unburned hydrocarbons in the flue gas. 
 
Summary and Conclusions 
 
7 
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Air quality modelling analysis was conducted to evaluate the environmental impact of the 
combustion of poultry litter as the primary fuel at the designated farm in Raheenagh, Co. 
Limerick. The modelling was based on the emissions from the combustion trials undertaken 
using a pilot scale FBC unit at INETI, Portugal. In this study, the Cambridge 
Environmental Research Consultants (CERC) Atmospheric Dispersion Modelling System 
(ADMS) version 3 was used. For the combustion of poultry litter alone, the predicted 
annual averages for NOx (3.15 μg/m3), CO (208 μg/m3) and SO2 (8.54 μg/m3) did not 
exceed legislative and guideline thresholds. The maximum predicted ground level 
concentrations for the set of emissions data suggested that the environmental impact of the 
proposed unit would be far less than the limits and guidelines set by air quality standards.  
 
Once the feasibility of the project was established, the second phase of the program was to 
commission and test the fluidised bed with ancillary equipment and instrumentation and to 
optimise its use, primarily as a direct contributor to heating the production shed and as an 
aid in drying of stored litter. The principal difficulty encountered during the combustion 
trials was the agglomeration of bed material, due to the inherent high ash content and level 
of low melting compounds in the poultry litter. The use of silica sand also played a 
significant role in the formation of agglomerates, which impede fluidisation and therefore 
optimum combustion. In order to minimise or prevent the ash related problems, it was 
necessary for certain mitigating steps to be taken, such as, fuel preparation to reduce 
particle size, lowering the bed temperature below the initial sintering temperature (<800oC), 
and regular refreshment of the bed material before a critical ash-accumulation or 
agglomeration level was reached. The disposal of the ash generated from the combustion 
process was also examined through a series of leachate experiments. These results revealed 
that excessive temperatures and poor design of the combustion chamber resulted in 
contamination of the ash with chromium. Once the source of the problem was established, 
the ash was characterised as an inert material and was deemed not to pose a threat to the 
environment and therefore could be disposed of safely. 
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Due to the experimental nature of the program a number of problems were encountered 
with the initial operation of the combustion unit on-site, consequently several process 
alterations and modifications were necessary. Nonetheless, the fluidised bed combustor 
installed at the site is fully operational and the heat generated from the process is used to 
heat the poultry production shed.  
 
The focus group raised potential difficulties with biosecurity and with ash disposal. It was 
suggested that transportation in airtight containers may provide a solution. However, this 
issue is currently under review by the department of agriculture, but it is believed that 
storage in a separate shed at least 50 m from the poultry house is the likely practicable 
solution.  
 
Ideally, the nutrients would be returned to the soil from which the grain to feed the poultry 
is taken. Lands already saturated with nutrients from poultry litter are not likely to require 
the high phosphorous and potassium content of the ash in the medium term. However, the 
ash is similar to that from the Fibrowatt installations in the UK, where it is pelletised and 
sold at similar rates to comparable NPK fertilisers. Approximately 750,000 tonnes have 
been sold in the UK under the brand 'Fibrophos' to date (not generally available in Ireland). 
As an example, 0:22:12 was £90/tonne delivered in bulk as of 27 April 2007 (personal 
communication). The trace nutrients appear to be a unique selling point for 'Fibrophos'. 
Other grades of Fibrophos include 0:15:15 and 0:11:22 and are achieved by mixing the fly 
ash with the bottom ash in different ratios to provide the desired ratio. The installation in 
Scotland employs a fluidised bed, which provides a slightly different mineral mix (Annex 
C). Pelletising is not essential, but does improve the transport and saleability of the product. 
It does add a cost and requires a significant initial investment.  
 
An economic assessment was conducted to determine the economic feasibility of the 
installation and operation of the fluidised bed combustor. The aim was to provide as 
accurate a Cost-Benefit Analysis as information allowed for the alternative waste disposal 
system. From the assessment it was found that the economic success of the utilisation of a 
FBC for the disposal of poultry litter is significantly reliant on the marketability of the ash.  
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Nonetheless, the project was deemed to be an appropriate alternative to current waste 
disposal practices employed in West Limerick. 
 
7.2 Future Recommendations 
• The combustion unit should be fully equipped with online monitoring equipment to 
allow for continuous monitoring of the combustion process. 
• Licensing should include a measurement of potential to produce chlorinated 
products in flue gas. 
 
• Pelletisation of the litter should be evaluated, as it could enhance the combustion 
properties of the poultry litter. As poultry litter by nature is not a homogenous 
material it is difficult to achieve consistent feed rates with the current system (screw 
feed auger). Pelleting the litter could increase the energy density of the fuel, reduce 
the bio-security risk as the pellets are dehydrated reducing pathogenic bacteria. The 
durability/resilience during storage and  combustion would have to be assessed.  
 
• The potential value/use of the ash residue generated from the combustion process 
should be explored in more detail to establish potential uses, which include; in 
agriculture as a fertiliser and/or liming agent; as road aggregate; as cement blocks; 
and in the remediation of abandoned mines and brownfields. 
 
• The use of alternative bed media in the combustion of biomass fuels should be 
examined to establish the full impact on agglomerate formation. 
 
• An investigation should be carried out to establish the full impact of biomass 
combustion on the selection of construction material for the combustion unit. 
 
• An EIA (Environmental Impact Assessment) should be conducted to establish to 
impact of the combustion facility on the local environment. 
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• The prospect of a centralised combustion facility should be examined, as it would 
allow for greater control of combustion parameters, the use of abatement technology 
and the possibility of generating green electricity. 
 
 
7.3 Outputs
This project has succeeded in bringing existing principal investigator expertise in the 
physical & environmental sciences, agricultural engineering and marketing to bear on a 
topic of national environmental importance.  
 
7.4 One Experimental Fluidised Bed Combustor
The FBC has been used for demonstrations with many on site visits and for experimental 
research. 
 
7.5 One Principal investigator 
Brian Kelleher had just submitted his PhD when he joined the project in 2001. He gained 
valuable experience in this ambitious project and was subsequently offered excellent 
positions at University of Toronto, Canada; Dept. of Plant and Soil Science, Mississippi 
State University, USA. He is currently a principal investigator with significant research 
funds from SFI & EPA and lecturing in Chemical Sciences at DCU. He has authored more 
than 25 first-class journal papers including six relating to this project. This is an excellent 
example of the type of researcher envisaged when EPA set about increasing research 
capacity.  
 
7.6 One PhD student 
 Dr. Anne Marie Henihan obtained her PhD through the University of Limerick. This report 
can be accredited to the work carried out by Anne Marie from which she obtained her doctorate. 
She was the scientist responsible for the tests carried out in Portugal and for the testing and 
commissioning of the FBC at the research site. She was also responsible for the collection of 
the scientific data and is the primary author of this report. She has four publications in peer- 
reviewed journals and the work reported in her thesis has been presented at two international 
conferences. She is currently employed as a Post-Doctorate Researcher for the University of 
Limerick focusing on advancements in bio-energy. 
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Introduction 
 
This project sought to identify, design, build and test an energy conversion system which 
would both reduce land spreading of poultry waste and provide useful heat energy for the 
farms. A system based on point of production point of use was chosen due to economical, 
environmental and logistical (transport) considerations. Although 30,000 tonnes of chicken 
litter are produced annually in the Kantoher region, a centralised combustion facility would 
not be feasible due to the poor quality of the roads in the West of Limerick and potential 
planning difficulties. The designated site for the pilot plant produced 150 tonnes of poultry 
waste per annum. 
The energy and waste balance was fully investigated and the energy potential in the waste 
poultry litter provided a good match for the demands on a typical Irish poultry farm. 
Fluidised bed combustion on a modular farm-scale (0.5 – 1 tonne per day) was identified as 
the optimum technology for this conversion. A fluidised bed was considered to be the best 
theoretical choice for combustion of chicken litter due to its ability to deal with high 
moisture content fuels with widely varying particle size. Trials of Kantoher chicken litter, 
in an FBC with a fuel feed rate similar to the production rate of poultry litter at a typical 
Irish poultry farm, demonstrated that poultry litter could sustain combustion alone or with 
peat. Combustion conditions were monitored as well as emissions. Emissions were found to 
be within WHO/EU/NAQS limits. This knowledge was then used to design a system for 
installation on a typical poultry farm. 
 
A Fluidised Bed consists of a bed of sand particles contained in a refractory-lined chamber 
through which the primary air is blown through nozzles from below. The sand particles are 
hence fluidised (raised into dynamic suspension) by adjusting the air flow to achieve 
fluidising velocity. Fluidising velocity depends upon the size, shape, porosity and density 
of the particles and the density/temperature of the air. The fluidised bed reactor promotes 
the dispersion of incoming fuel, with rapid heating to ignition temperature, and promotes 
sufficient residence time in the reactor for their complete combustion [1]. 
 
Combustion in the trials was characterised by the release of large quantities of volatiles as 
soon as the fuel was introduced into the bed, so the bed must be kept shallow to provide the 
necessary heat for rapid devolatilisation of the fuel. In addition, the bed acted as a flame 
stabiliser for the volatile combustion in the freeboard. Long term combustion gives rise to 
high ash wastes, so there should be ports to monitor pressure and a means to dispose of the 
ash without quenching the bed. A cyclone was chosen for particulate removal, as capital 
and maintenance costs are lower than the other control devices available in the particulate 
control industry, due to its relatively simple construction and absence of moving parts. 
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The fluidised bed combustor is designed to have a thermal output of 140 kW of energy 
from the combustion of chicken litter. The objective of this project is to produce hot gases 
which used for heating chicken houses. The components of the system are as follows: 
 
1. Wind box and air fan for the combustion air; 
2. The air distributor; 
3. The combustion chamber; 
4. The daily fuel storage hopper and the fuel feeding system; 
5. The secondary air supply; 
6. Start-up unit for ignition; 
7. Ash extraction system; 
8. The storage hopper for inert bed materials and the feeding system; 
9. Combustion gas exit and the cyclone system for particulate removal; 
10. Simplified control systems for automatic operation of the furnace; 
11. The steel structure for the support of the furnace and its ancillaries. 
 
i.) Wind box and the air fan for the combustion air: 
 
An air fan is used for supplying the fluidising air. The fan can deliver up to 400 Nm3/h 
(normal metres cubed per hour). The back pressure on this fan is 100 cm H2O. The amount 
of air supply is directly proportional to the amount of fuel used and the ratio of air to fuel 
should ideally be preset in a control system.  
The air from the fan is delivered to the furnace in a flexible pipe with an inside diameter of 
about 38 mm. There is an orifice placed on this pipe to measure the flow rate of air. This 
would be connected to the controller of the fan. The length of the pipe from the fan to the 
windbox is approx. 1,200 mm. 
 
The windbox essentially consists of a plenum connected to a distributor plate. The plenum 
is constructed from a refractory Steel plate of 5 mm thick and its height is 250 mm, 
measured on the wall. A pressure tapping is located on one of the walls. It is  flanged with a 
length of 100 mm. 
 
 
ii.) The air distributor: 
 
The distributor plate, in the shape of an inverted pyramid, provides air to the bed section of 
the furnace. The inclination of the sides of the conical distributor plate is at an angle of 20o 
to the horizontal plane. In the middle of the distributor plate there is a vertical ash discharge 
pipe made of 316 Stainless Steel with the ID of 38 mm and 500 mm long and connected to 
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a motorized valve. The plate is constructed of 316 high temperature steel. The plate is 10 
mm thick and flanged 100 mm wide.  
 
There are 116 standpipes attached to the distributor plate to introduce the fluidising air to 
the corresponding section of the bed. The standpipes are 30.5 mm high and are made of 316 
high temperature steel. Its outside diameter is 8 mm. On the most outer standpipes there are 
18 nozzles situated in equal numbers at three different heights, at 6.5, 13 and 19.5 mm, 
respectively, above the distributor plate. The nozzles are 1.5 mm in diameter and are all 
inclined downward at an angle of 25o to the horizontal plane. All other standpipes have 12 
nozzles of 1.5 mm in diameter and are equally distributed on three heights of 6.5, 13 and 
19.5 mm from the distributor plate. They are also inclined at an angle of 25º to the 
horizontal plate. 
 
The total pressure drop across the distributor plate is fixed to be 25 cm H2O. 
 
iii.) The combustion chamber: 
 
The combustion chamber consists of bed and freeboard zones. The expanded bed height is 
approx. 200 mm (max.). The fluidised bed combustor is built of refractory steel 5 mm 
thick. The combustor has three modules, each with a height of 1,500 mm. They are 
insulated on the outside with mineral wool which can withstand temperatures up to 1,000 
ºC. The thickness of the insulation is approx. 250 mm. There is an outer metallic casing 
around the insulation made of aluminium with a thickness of 1 mm. Each module is flanged 
with refractory steel of 5 mm thickness. The flange length is 80 mm.  
 
The combustor cross sectional area, both in the bed and freeboard section, is rectangular in 
shape with dimensions of 400 mm x 300 mm. There are no heat exchanger tubes inserted 
inside the combustor. The control of the combustion temperature is by varying levels of 
excess air. An access door to the bed is clamped to prevent any leakage. The access door is 
rectangular in shape with dimensions of 300 mm x 200 mm. It is located on one of the 
walls at a height of 250 mm from the distributor plate. 
 
An optical access located at the top of the combustor which enables one to look downward. 
The access is made of refractory steel pipe with an ID of 63 mm and its length is 300 mm. 
A small quantity of air is injected at high velocities on the side facing the interior of the 
combustor to prevent the accumulation of dirt on the optical access. Silica glass is used to 
provide a view of the interior of the combustor. 
   
The openings for temperature and pressure measurements are as following: 
 
 A) Temperature measurements are made at four different locations. The locations 
are at 90 mm, 900 mm, 1,700 mm and 4,350 mm above the distributor plate. At each of 
these heights one thermocouple is placed at a port on one of the walls. The ports used for 
temperature measurements are circular in cross section with an ID of 25 mm. They are 
flanged pipes with a flange length of 40 mm. The length of the pipe is 400 mm. The pipe is 
made of refractory steel. 
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 B) Ports for pressure points are located at several points. The first port for the wind 
box is placed 50 mm (P1) below the distributor plate and is located in the middle of the 
wall. The pressure port entries are circular pipes with a diameter of 25.4 mm. They are 
flanged with a flange width of 40 mm. The circular pipe length is 400 mm. The same 
arrangement is used for all the pressure ports. The combustor ports are at heights of 20 
(P2), 450 (P3), and 2,850 (P4) mm above the distributor plate. 
 
Ideally the pressure drop across the distributor plate (P1-P2) is measured as well as that of 
the bed (P2-P3). The pressure drop across the bed is preset to fix the bed height and the 
intermittent removal of bed material is related to the accumulation of ash and limestone in 
the bed. 
 
There are three gas sampling ports measuring O2, NOx, CO2 and CO along the combustor 
height. They are located 800, 2,300 and 3,800 mm above the distributor plate and are 
placed in the centre of the wall of the combustor. The port openings are 65 mm in diameter 
and are flanged with a flange width of 40 mm. The length of the pipe is 400 mm.  
 
Two feeding points; one for the fuel, and the other for sand are present. Limestone addition 
is unnecessary as SO2 values were always found to be below permitted levels in the trials. 
The feeding point for the fuel is at a height of 400 mm from the distributor plate. The pipe 
ID is 100 mm and its length 400 mm. There are 12 injectors with OD’s of 3 mm placed on 
the pipe to introduce compressed air with the objective of helping the fall of fuel. There are 
three rows and on each row, four injectors. They are placed at distances of 200, 250 and 
310 mm from the opening end to the combustor.  
 
The opening for the other feeding point is on the opposite wall. It is 400 mm long and 
flanged with a thickness of 40 mm. It is also at a height of 250 mm from the distributor 
plate and is placed in the middle of the combustor wall. 
 
Hot gases leaving the combustor travel through a duct made of refractory steel with 
dimensions of 180 mm x 90 mm. This pipe is flanged with the flange width of 50 mm, a 
height of 4,250 mm from the distributor plate and is placed in the middle of the combustor 
wall. The duct length is 400 mm.  
 
iv.) Daily fuel storage hopper and fuel feeding systems: 
 
A hopper for fuel is provided with a capacity to hold fuel amounting to 8 hours of supply. 
This equates to a volume of 0.8 m3.  
 
The hopper is made with mild steel of 5 mm thickness with walls inclined at the lower end. 
This facilitates the flow of the solids out of the hopper. The angle of inclination is approx. 
40o to the vertical plane. The upper part of the fuel hopper is 1,200 mm by 800 mm in cross 
section and 800 mm high. The height of the lower part of the hopper is approx. 400 mm. 
The bottom end of the hopper has a rectangular opening for discharge and is flanged. The 
flange width is 40 mm. The bottom end is flanged to the casing in which a discharge 
  220
facilitator is placed. This casing is rectangular in shape with dimensions of 200 mm and 
200 mm. Its height is 150 mm to the screw feeder casing. Opening for discharge 
dimensions are 570 mm x 570 mm. This part is vibrated to prevent the settling of any solid 
particles on the walls. The top of the hopper is left open, however, a lid is provided. 
Filling of the hoppers can be carried out manually. 
 
v.) Secondary air supply: 
 
The secondary air supply to the freeboard ensures total combustion of volatiles and 
unburned solid particles. An air fan is used for supplying the secondary air. The fan 
delivers up to 150 Nm3/h with a back pressure of 25 cm H2O. It operates with variable 
speed depending on the required output at any stage. The secondary air inlet ports are 
located at three different heights; 700, 1,000 and 1,600 mm from the distributor plate. 
Altogether, there are 9 ports placed on the three walls of the combustor with three ports on 
each row.  
 
Each port is a pipe of 8 mm. The pipes are at an angle of 25o to the combustor wall on the 
horizontal plane to ensure fairly well established tangential entry. This gives rise to swirl 
with sufficient intensity for a good mixing. The length of each pipe is 400 mm. 
 
The pipes delivering the secondary air is made of 316 Stainless Steel. The flow is equally 
divided to provide the air to the opposite walls of the combustion chamber. The air coming 
from the fan first flows into a distributor which then has nine exits delivering air to each 
port. The distance between each exit is 40 mm. The distributor is a cylinder with a diameter 
of 80 mm and a height of 200 mm. It is made of normal steel and its wall thickness is 3 
mm. The pipe delivering the air from the fan is 75 mm ID and is also made of normal steel.  
 
 
vi.) Ash extraction system: 
 
The extraction of ash from the fluidised bed is through a pipe placed in the middle of the 
distributor plate. The discharge of ash is periodic depending on the accumulation of the bed 
material. The pipe is made of 316 Stainless Steel and is circular in shape with a diameter of 
38 mm ID. The height of the pipe is 500 mm and the pipe is flanged with a flange width of 
40 mm. There is an on/off valve placed on the pipe and when required the pipe can be 
opened to remove some bed material.  
 
 
vii.) Combustion gas exit and the cyclone system for particulate removal: 
 
The combustion gases leave the fluidised bed furnace at the top and is directed to the 
cyclone, with a gas duct of 135 mm x 65 mm. It can be externally insulated with mineral 
wool and is constructed with 316 stainless steel. The duct length is 500 mm. An expansion 
is attached to the duct before it is connected to the cyclone to facilitate the expansion due to 
heat.  
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The removal of the particles from the combustion gases is carried out in the cyclone. The 
cyclone is constructed from 316 stainless steel with a thickness of 4 mm. It can be insulated 
outside with mineral wool with a thickness of 100 mm. The dimensions of the cyclone are 
given in the drawings attached. The entry is flanged with a width of 50 mm. The gas outlet 
from the cyclone is flanged with a width of 50 mm and the height from the top of the 
cyclone is 200 mm. The outlet is connected via a 90º bend and a similar diameter (150 
mm), and flanged at both ends with a width of 50 mm. 
The solids falling to the bottom of the cyclone are collected in a collector. The outlet height 
is 150 mm and is flanged with a width of 40 mm. The collector is flanged to fit the solids 
outlet. The collector is circular with internal diameter 250 mm. The collector is made of 
normal steel with thickness 3 mm.  
 
vii.) Control systems for automatic operation of the furnace (not included in present 
set-up): 
 
The control system enables the fluidised bed furnace to operate with remote control and 
necessitates minimum manual supervision. The main parameters for the control of the 
process is the temperature of both the bed and the combustion gases leaving the combustor 
directly related to the required conditions. The temperature in the bed is preset to approx. 
800oC and is related to the supply of fuel and air.  
 
There are pressure sensors placed at different heights to measure the following: 
  - Pressure in the windbox; 
  - Pressure drop across the distributor plate; 
  - Pressure drop across the bed; and 
  - Pressure of the gases at the exit of the combustor. 
 
The pressure drop across the bed is connected to the discharge valve placed on the ash 
extraction pipe. The fuel feeding system is motorised with variable speed and this is 
connected to the bed thermocouple. The variations in the speed of the motor determines the 
volumetric flow rate of fuel and is constantly recorded. 
 
The hopper is supported with a load cell to determine the weight at any time and is 
equipped with an alarm system which is go off whenever the total weight inside the hopper 
drops below 5-hour supply of fuel. 
 
For each of the flow lines and primary and secondary air, there is a flow rate measuring 
device as well as the valves regulating the air flow to the windbox and to the freeboard.  
 
 
Adjusting the flows of propane and air to the burner also controls the initial warming-up 
procedure. The propane flow rate is fixed as a ratio with the air needed for combustion and 
to maintain the bed in minimum fluidisation velocity. It is pre-set so that when the 
temperature reaches 700oC the propane gas supply is closed down automatically and it 
comes on line if the bed temperature goes below 600oC. The main gas pipes on the propane 
supply lines are equipped with non-return valves for safety reasons. The ignition of the 
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propane and air mixture is by a pilot flame situated very close to each of the propane 
burners. The pilot flame uses propane as well. The safety system for the pilot flame ensures 
that if the flame goes out the piezo-electronic system used for ignition attempts to light the 
pilot flame again. If this does not work the gas supply to the pilot flame burner is shut down 
automatically. The safety system for the propane flame in the auxiliary combustor should 
ensure that the propane flame is present and if not, the gas supply is shut off. The 
combustor is aerated and the supply starts again. The flow of the propane and its 
consumption is continuously recorded during the start-up period. 
 
All the process variables are connected to a data logger for the acquisition of the process 
data. The data logger has both analogue and digital input and is connected to a computer. 
Software is supplied which enables the process to be monitored from the computer 
keyboard. 
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Figure A.1 Overall Fluidised Bed schematic, with elevation and plan. 
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Figure A.2 Cyclone 
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Figure A.3a Bed and freeboard drawing. 
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Figure A.3b Bed and freeboard drawing. 
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    Figure A.4 Wind box drawing.  
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Abstract
Combustion studies of poultry litter alone or mixed with peat by 50% on weight basis were undertaken in an atmospheric bubbling
fluidised bed. Because of high moisture content of poultry litter, there was some uncertainty whether the combustion could be sustained on
100% poultry litter and as peat is very available in Ireland; its presence was considered to help to improve the combustion. However, the
results showed that, as long as the moisture content of poultry litter was kept below 25%, the combustion did not need the addition of peat.
The main parameters that were investigated are (i) moisture content, (ii) air staging, and (iii) variations in excess air levels along the
freeboard. The main conclusions of the results are (i) combustion was influenced very much by the conditions of the fuel supply, (ii) the
steady fuel supply was strongly dependent on the moisture content of the poultry litter, (iii) temperature appeared to be still very influential in
reducing the levels of unburned carbon and hydrocarbons released from residues, (iv) the air staging in the freeboard improved combustion
efficiency by enhancing the combustion of volatiles released from residues in the riser and (vi) NOx emissions were influenced by air staging
in the freeboard. Particles collected from the bed and the two cyclones were analysed to determine the levels of heavy metals and the
leachability tests were carried out with ashes collected to verify whether or not they could safely be used in agricultural lands.
q 2002 Published by Elsevier Science Ltd.
Keywords: Chicken litter; FBC; Ashes
1. Introduction
The use of waste materials as fuel is gaining importance
because of the limitations that are to be introduced on the
nature of waste that could be placed in landfills. In addition
to problems of arranging space large enough to accommo-
date ever-increasing quantities of wastes in landfills, there
will be restrictions regarding the organic content of wastes
that could end up in landfills. For this reason, the land
disposal of waste from the poultry industry and subsequent
environmental implications has stimulated interest into
cleaner and more useful disposal options.
An excellent review of methods of disposal of poultry
litter is given in a paper by Kelleher et al. [1]. They include
composting (aerobic digestion), anaerobic digestion, direct
combustion. Technologies available open up increased
opportunities to market the energy and nutrients in poultry
litter to agricultural and non-agricultural uses. Common
problems experienced by the current technologies are the
existence and fate of nitrogen as ammonia, pH and
temperature levels, moisture content and the economics of
alternative disposal methods. The cost of transporting
feedstock has, in all cases, been the limiting factor to
large-scale biomass to energy schemes. For this reason, it is
usually preferable to use these wastes close to where they
are generated, however, this may be a limiting factor for
their utilisation on a large scale.
One of the problems associated with using fuels of
biomass origin lies with difficulties involved in their
preparation, which could include separation, size reduction,
handling and feeding to the combustor. The highly irregular
shapes of particles and high moisture content which is
usually associated with these fuels turn difficult to select
systems that could adequately handle them to be supplied to
any type of combustor trouble free [2]. Waste from the
poultry industry includes a mixture of excreta (manure),
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Emissions modeling of fluidised bed co-combustion
of poultry litter and peat
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Abstract
Gaseous emissions from the fluidised bed co-combustion of 50% w/w chicken litter and peat were monitored and recorded.
Emission data were used to create a dispersion model for a proposed site on a poultry farm in Ireland. Variables within the
combustion unit influenced both combustion and emission levels of pollutants such as SO2 and NOx, CO. Concentrations of at-
mospheric pollutants decreased with use of the correct ratio between fluidising and secondary air. Dispersion modelling of com-
bustion at a proposed poultry unit predicted that ground level concentrations for the set of emissions data would be below the limits
and guidelines set by air quality standards.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In Ireland, waste from poultry farming (poultry litter)
has traditionally been disposed of by spreading on soil
as an amendment, however over-application has re-
sulted in enrichment of water soluble nutrients and in
eutrophication of rivers and lakes. Agriculture repre-
sents in excess of 97% of the 135 106 tonnes of organic
waste arising in Ireland of which 453 103 tonnes arises
from poultry litter (Brogan et al., 2001). Although ac-
counting for only 0.35% of organic waste the regional
concentration of the poultry industry increases the en-
vironmental risk. Additionally, unlike cattle slurry,
chicken litter does not represent nutrient recycling as
generally there is no link between crop and animal
production and nutrients on these farms. Eutrophica-
tion has been suggested as the main cause of impaired
surface water resources (US EPA, 1996). Bitzer and
Sims (1988) reported that excessive application of
poultry litter in cropping systems can result in nitrate
(NO3) contamination of groundwater. High levels of
NO3 in drinking water can cause methaemoglobinaemia
(blue baby syndrome), cancer, and respiratory illness in
humans and foetal abortions in livestock (Stevenson,
1986). Alternative, environmentally acceptable, disposal
routes, with potential financial benefits, may lie in large-
scale biomass to energy schemes that can also provide
an easier to handle fertiliser as a by-product. Three
options have been considered and in some cases imple-
mented: centralised anaerobic digestion, composting
and direct combustion with combined heat and power.
The most successful conversion of poultry litter to en-
ergy involves the use of mass burn combustion and, in
particular, step-grate combustion systems (Page and
Allen, 1993). Research is ongoing into different tech-
nologies that could be employed for combusting bio-
mass or similar fuels on a smaller scale (Kelleher et al.,
2002). These small-scale facilities could be used to gen-
erate energy to heat farm based production units. Flui-
dised bed combustion (FBC) is one such technology
being assessed due to promising characteristics including
fuel flexibility, ability to accept fuels with a high ash and
moisture content, the low cost associated with fuel
preparation, and operational flexibility with regard to
ash collection. The combustion of wastes employing
fluidised beds requires novel approaches to design. The
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Abstract
The land disposal of waste from the poultry industry and subsequent environmental implications has stimulated interest into
cleaner and more useful disposal options. The review presented here details advances in the three main alternative disposal routes for
poultry litter, specifically in the last decade. Results of experimental investigations into the optimisation of composting, anaerobic
digestion and direct combustion are summarised. These technologies open up increased opportunities to market the energy and
nutrients in poultry litter to agricultural and non-agricultural uses. Common problems experienced by the current technologies are
the existence and fate of nitrogen as ammonia, pH and temperature levels, moisture content and the economics of alternative
disposal methods. Further advancement of these technologies is currently receiving increased interest, both academically and
commercially. However, significant financial incentives are required to attract the agricultural industry.  2002 Elsevier Science
Ltd. All rights reserved.
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1. Introduction
Waste from the poultry industry includes a mixture of
excreta (manure), bedding material or litter (e.g. wood
shavings or straw), waste feed, dead birds, broken eggs
and feathers removed from poultry houses. Other wastes
include those from cage, conveyer belt and water-
flushing systems. The litter and manure component of
this waste has a high nutritional value and is used as an
organic fertiliser, thus recycling nutrients such as ni-
trogen, phosphorous and potassium. These components
(poultry litter) have traditionally been land spread on
soil as an amendment. However, over-application of this
material can lead to an enriching of water nutrients re-
sulting in eutrophication of water bodies, the spread of
pathogens, the production of phytotoxic substances, air
pollution and emission of greenhouse gases. Eutrophi-
cation has been suggested as the main cause of impaired
surface water resources, US EPA (1996). Bitzer and
Sims (1988) reported that excessive application of
poultry litter in cropping systems can result in nitrate
(NO3) contamination of groundwater. High levels of
NO3 in drinking water can cause methaemoglobinaemia
(blue baby syndrome), cancer, and respiratory illness in
humans and fetal abortions in livestock, Stevenson
(1986). Alternative, environmentally acceptable, dis-
posal routes, with potential financial benefits, may lie in
large-scale biomass to energy schemes that can also
provide an easier to handle fertiliser as a by-product.
Three options have been considered and in some cases
implemented: centralised anaerobic digestion, compo-
sting and direct combustion with combined heat and
power. The cost of transporting feedstock has, in all
cases, been the limiting factor.
2. Characterisation
The three wastes of primary concern in poultry pro-
duction are the bedding litter used for poultry housing,
the manure resulting from poultry production and dead
birds common to all operations. This review looks at
disposal options for the first two materials. The com-
position of both litter and manure is predominantly
water and carbon (C) with smaller amounts of nitrogen
Bioresource Technology 83 (2002) 27–36
*Corresponding author. Tel.: +353-61-213012; fax: +353-61-202568.
E-mail address: brian.kelleher@ul.ie (B.P. Kelleher).
0960-8524/02/$ - see front matter  2002 Elsevier Science Ltd. All rights reserved.
PII: S0960-8524 (01 )00133-X
MONITORING AND DISPERSION MODELLING OF EMISSIONS
FROM THE FLUIDISED BED COMBUSTION OF POULTRY LITTER
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Abstract. Gaseous emissions from the fluidised bed combustion of chicken litter were monitored
and recorded. Emission data was used to create a dispersion model for a proposed site on a poultry
farm in Limerick, Ireland. Variables within the combustion unit not only influenced combustion but
also emission levels of pollutants such as SO2 and NOx. CO emissions decreased with use of the
correct ratio between fluidising and secondary air, the staging of secondary air and the degree of
turbulence with which the secondary air is introduced. Dispersion modelling of actual combustion
at a proposed poultry unit predicted that ground level concentrations for the set of emissions data
would be below the limits and guidelines set by air quality standards. This was true for both and line
source. Line source concentration levels were less than those for point source.
Keywords: air quality modelling analysis, eutrophication, poultry litter, stepgrate combustion sys-
tems
1. Introduction
In Ireland, waste from the poultry industry (poultry litter) has traditionally been
land spread on soil as an amendment. However, over-application of this material
can lead to an enriching of water nutrients resulting in eutrophication of water bod-
ies, the spread of pathogens, the production of phytotoxic substances, air pollution
and emission of greenhouse gases. Eutrophication has been suggested as the main
cause of impaired surface water resources, US EPA (1996). Bitzer et al. (1988)
reported that excessive application of poultry litter in cropping systems can result in
nitrate (NO3) contamination of groundwater. High levels of NO3 in drinking water
can cause methaemoglobinaemia (blue baby syndrome), cancer, and respiratory
illness in humans and fetal abortions in livestock (Stevenson, 1986). Alternative,
environmentally acceptable, disposal routes, with potential financial benefits, may
lie in large-scale biomass to energy schemes that can also provide an easier to
handle fertiliser as a by-product. Three options have been considered and in some
cases implemented: centralised anaerobic digestion, composting and direct com-
bustion with combined heat and power. The most successful conversion of poultry
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The use of fly ash from the combustion of
poultry litter for the adsorption of chromium(III)
from aqueous solution
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Abstract: Fly ash, from the combustion of poultry litter, was assessed as an adsorbent for
chromium(III) from aqueous solution. The adsorption process was studied as a function of
temperature and time. Adsorption was best described by the Langmuir model. The adsorption of
chromium(III) on the fly ash was endothermic and kinetic studies suggest that the overall rate of
adsorption was pseudo-second order. At low initial concentrations film diffusion effects contribute to
limiting the overall rate of adsorption while at higher initial chromium(III) concentrations pore
diffusion becomes more important. An adsorption capacity of 53mg dm3 was reached at 20°C.
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INTRODUCTION
Chromium and its compounds are widely used in the
electroplating, paints, dyes, chrome tanning and paper
industries. The accumulation of chromium in aqueous
waste is hazardous and poses the risk of soil, surface
water and groundwater contamination. Mammals and
aquatic organisms appear to be less susceptible to
chromium toxicity than to other heavy metals. This
may be due to a lower solubility of chromium(III)
compounds, restricted mobility in the environment
and limited availability to living organisms. The
reaction with organic compounds and/or acidic con-
ditions in the environment, however, can enhance
Cr(III) mobility in soils and water and contribute to
the oxidation of Cr(III) to the more toxic and mobile
Cr(VI) form.1
It is important, therefore, to develop methods to
treat waste streams including chromium. At present, a
range of methodologies is available for treating
industrial wastewaters. These techniques focus on
the use of unit operations such as precipitation,
coagulation, filtration, adsorption, ion exchange and
electrochemical techniques. Adsorption technology, in
particular, has been used for the removal of heavy
metals from wastewaters with the bulk of research and
industrial work focussing on the use of activated
carbon as the adsorbent of choice.2 Regeneration of
activated carbon is normally by thermal means and
there is a significant cost and adsorption capacity loss
associated with this process.3 Alternative adsorbents
studied include the use of inexpensive adsorbents
derived from industrial waste, ie metal hydroxides,4
blast furnace slag,5 biomass6 and carbonaceous
material.7 Amberlite resin has also been reported to
be a successful adsorbent.8
In this study, it is proposed to use fly ash, produced
from the combustion of chicken litter, to adsorb
Cr(III) from aqueous solution. There are difficulties
associated with the traditional disposal of chicken litter
on agricultural land due to pending restrictions from
the European Union. These difficulties have resulted
in research into alternative disposal/re-use options for
this material. The most successful conversion of
poultry litter to energy involves the use of mass burn
combustion and, in particular, step-grate combustion
systems. Fibropower Ltd officially opened their
poultry-litter-fired power plant, thought to be the first
commercial plant of its type in the world, at Eye in
Suffolk UK in November 1993.9 The plant generates a
gross output of 14 MWe. After in-house use of
electricity, a net output of 12.5 MWe is supplied to a
33kV power line for distribution through local
electricity networks. The poultry litter itself comes
from barn-reared broiler hens and is a mixture of wood
shavings, straw and chicken droppings.
Research is ongoing into different combustion
technologies that can be employed for combusting
biomass or similar fuels on a smaller scale.10 These
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ANNEX C 
Fibrophos Specifications 
 
   
FIBROPHOS DATA SHEET (NORTH) PAGE 1 OF 1                                                                                             MAR 2007 
FIBROPHOS CONCENTRATED PK FERTILISERS   A 
 
 
NORTHERN ENGLAND / SCOTLAND 
 
Fibrophos Grades 
 
Traditional 
0-18-15 
Balanced 
0-17-17 
Extra K 
0-14-21 
 
The traditional favourite for 
most grassland and arable 
situations 
 
 
Ideal for arable and grassland 
situations where a balanced PK 
is required 
 
 
Perfect for lower potash soils, 
sileage or where extra potash 
is required 
 
 
Other Nutrients Present In All Grades 
 
Secondary elements 
Calcium 25% as CaO 
Sulphur 7% as SO3 
Magnesium 5% as MgO 
Sodium 3% as Na2O 
Trace nutrients 
Iron 4000 ppm as Fe 
Manganese 2500 ppm as Mn 
Zinc 2000 ppm as Zn 
Copper 500 ppm as Cu 
Boron 150 ppm as B 
Molybdenum 30 ppm as Mo 
Cobalt 10 ppm as Co 
Iodine 5 ppm as I 
Selenium 5 ppm as Se 
 
Neutralising value 15% as CaO 
 
All Fibrophos is sold under the Fertiliser Regulations 1991 No.2197 (page 46) and sales are 
supported with a statutory statement. Fibrophos Ltd are members of the Agricultural Industries 
Confederation (AIC). 
   
FIBROPHOS DATA SHEET (SOUTH) PAGE 1 OF 1                                                                                           JAN 2005 
FIBROPHOS CONCENTRATED PK FERTILISERS   A 
 
 
SOUTHERN & CENTRAL ENGLAND / WALES 
 
Fibrophos Grades 
 
Traditional 
0-22-12 
Balanced 
0-15-15 
High K 
0-11-22 
 
The traditional favourite for 
most grassland and arable 
situations 
 
 
Ideal for arable and grassland 
situations where a balanced PK 
is required 
 
 
Perfect for lower potash soils, 
sileage or where extra potash 
is required 
 
 
Other Nutrients Present In All Grades 
 
Secondary elements 
Calcium 25% as CaO 
Sulphur 7% as SO3 
Magnesium 5% as MgO 
Sodium 3% as Na2O 
Trace nutrients 
Iron 4000 ppm as Fe 
Manganese 2500 ppm as Mn 
Zinc 2000 ppm as Zn 
Copper 500 ppm as Cu 
Boron 150 ppm as B 
Molybdenum 30 ppm as Mo 
Cobalt 10 ppm as Co 
Iodine 5 ppm as I 
Selenium 5 ppm as Se 
 
Neutralising value 15% as CaO 
 
All Fibrophos is sold under the Fertiliser Regulations 1991 No.2197 (page 46) and sales are 
supported with a statutory statement. Fibrophos Ltd are members of the agricultural Industries 
Confederation (AIC). 
